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FOREWORD 
Th i s  monograph d e s c r i b e s  t h e  Computerized R e l i a b i l i t y  Ana lys i s  
Method ( C R A M ) ,  developed by A R I N C  Research Corpora t ion  i n  c o n j u n c t i o n  
1~1it.h wnrk  performed f o r  George C .  Marsha l l  Space F l i g h t  Center ,  
N a t i o n a l  Aeronau t i c s  and Space Admin i s t r a t ion ,  under  Con t rac t  
NAS8-11087. The Corpora t ion  acknowledges w i t h  a p p r e c i a t i o n  t h e  
suppor t  g iven  by NASA t o  t h i s  p r o j e c t .  
I n  concept ,  CRAM can be used t o  a n a l y z e  a l l  systems i n  which 
a f a i l u r e  of one p a r t  can be d e f i n e d  wi thou t  r e f e r e n c e  t o  any o t h e r  
p a r t .  The t echn ique ,  i n  b r i e f ,  i s  a s  f o l l o w s :  On t h e  b a s i s  of a 
system d e s c r i p t i o n ,  t h e  o p e r a t i n g  modes a r e  i d e n t i f i e d  and the sys-  
tem i s  p a r t i t i o n e d  i n t o  subsystems f o r  i n d i v i d u a l  a n a l y s i s .  Re l i a -  
b i l i t y  diagrams a r e  p repa red  f o r  the i n d i v i d u a l  subsystems, and d a t a  
on t h e  subsystem e lements  and f a i l u r e  p r o b a b i l i t i e s  of the element  
c l a s s e s  a r e  t a b u l a t e d .  The f i r s t  computer program c o n v e r t s  t h e  coded 
r e l i a b i l i t y  diagrams i n t o  a formula r e p r e s e n t i n g  t h e  c o n d i t i o n  f o r  
system success ;  t h i s  formula i n  t u r n  i s  conve r t ed  by t h e  second 
program i n t o  a r e l i a b i l i t y  model .  From t h i s  model and t h e  d a t a  
t a b l e s ,  t h e  t h i r d  program computes a r e l i a b i l i t y  va lue  f o r  t h e  sub- 
system. The subsystem numbers a r e  t h e n  combined i n t o  a s i n g l e  va lue  
r e p r e s e n t i n g  t h e  system. 
T h i s  p u b l i c a t i o n  c o n t i n u e s  t h e  s e r i e s  of monographs i n  which 
A R I N C  Research s t a f f  members have d i s c u s s e d  v a r i o u s  f a c e t s  of the  
s y s t e m a t i c  s tudy  of r e l i a b i l i t y ,  m a i n t a i n a b i l i t y ,  and o t h e r  f a c t o r s  
i n f l u e n c i n g  system e f f e c t i v e n e s s .  Monograph 11 i s  concerned mainly 
w i t h  d e t a i l e d  p rocedures  f o r  u s ing  computers t o  perform t h e  t e d i o u s  
c a l c u l a t i o n s  r e q u i r e d  i n  r e l i a b i l i t y  p r e d i c t i o n .  Thus the  monograph 
h a s  some of t h e  a s p e c t s  of  a handbook of i n s t r u c t i o n s .  It i s  aimed 
a t  pe r sonne l  who a r e  themselves  involved  i n  t h e  work of r e l i a b i l i t y  
p r e d i c t i o n ;  a n d . i t  assumes t h a t  t h e  r e a d e r  h a s  some p rev ious  under- 
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1.1 What Is CRAM? 
The term CRAM is an acronym for Computerized Reliability 
Analysis Method; CRAM, the concept, is a method for analyzing reli- 
ability by the use of computers. 
What distinguishes CRAM from other computer-based analysis 
methods is that the computer programs used in CRAM are strictly 
utility routines; no further programming is needed t o  make them 
usable. 
analysis are converted to inputs to the first computer program, 
which, in conjunction with the second program, turns out a con- 
ventional reliability model. 
system reliability, and if RI,. . . , Rn, are names for the relia- 
bilities of subsystems or parts, then the first two computer 
programs produce an equation of the form 
The reliability diagrams produced in the preparatory 
That is, if R is a name for the 
R =I? (products of R.) J 
A third program takes Equation 1, together with information on the 
failure probabilities of the subsystems or parts, and produces a 
numerical estimate of the system reliability; for example, 
(2 1 R = 00999954575 
The information about failure probabilities may be provided either 
as a probability or as a rate, complete with time data and K factors. 
1.2 Basic Benefits 
The use of computer programs for constructing reliability models 
and computing reliability relieves the analyst of milch of the drudg- 
ery involved in conducting analyses. As a result, he can concen- 
trate on technical tasks such as producing reliability diagrams and 
obtaining information on failure probabilities. Furthermore, the 
machine does the shuffling of models and the computation so rapidly 
that the complexity of computation ceases to be a factor. If a model 
i s  to be worked o u t  by hand, unusual  modes of p o s s i b l e  f a i l u r e  o f t e n  
must be n e g l e c t e d ,  t o  keep t h e  work w i t h i n  bounds. 
a b i l i t y  e n g i n e e r s  know how t o  e s t i m a t e  such p o s s i b i l i t i e s  wi thout  
impa i r ing  t h e  i n t e g r i t y  of  t h e  answers,  b u t  making such e s t i m a t e s  
r e q u i r e s  thought  and t ime, a s  well a s  a background of  expe r i ence .  
Experienced r e l i r  
It i s  noteworthy, a l s o ,  t h a t  any p o s s i b i l i t i e s  n e g l e c t e d  i n  a 
r e l i a b i l i t y  model must be accounted f o r  i n  a f u l l  failure-mode-and- 
e f f e c t  a n a l y s i s  (FMEA)?. The re fo re ,  the  "manual" method t e n d s  t o  
c r e a t e  d i f f e r e n c e s  between t h e  FMEA and t h e  r e l i a b i l i t y  model. When 
computer programs a r e  used, t h e  b a l a n c e  of  economy s h i f t s  the  o t h e r  
way: It becomes less  t r o u b l e  t o  i n c l u d e  a p o s s i b i l i t y  i n  the  diagram 
t h a n  t o  f i n d  r e a s o n s  f o r  o m i t t i n g  i t .  If,  i n  f a c t ,  no p o s s i b i l i t i e s  
a r e  omi t t ed  from the diagram, t h e n  the  r e l i a b i l i t y  model can be used 
t o  p repa re  a n  FMEA, a g a i n  on a computer. 
t For a d e f i n i t i o n  o f  a fa i lure-mode-and-ef fec t  a n a l y s i s ,  
s e e  page 52. A l i s t  of d e f i n i t i o n s  follows t h e  appendix of 
t h i s  monograph. 
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2. THE APPLICABILITY OF CRAM 
There are limitations on the applicability of CRAM, in that not 
all systems can be converted into the kinds of diagrams which the 
computer programs accept. Section 2.1 describes the types of systems 
to which CRAM can be applied. 
Even for a system to which CRAM can be applied, one may not 
wish to use all the machinery of a formal method. The decision 
whether or not to use CRAM depends on circumstances, but, f o r  the 
guidance of prospective users, Section 2.2 will discuss the advan- 
tages and disadvantages of the method and the manner in which they 
depend upon the size of the system. 
A particularly noteworthy point is that, once the decision is 
made to use CRAM, then one is committed to a particular sequence of 
tasks. A brief description of the resulting work flow, and what is 
entailed in the performance of each task, will be presented in 
Section 2.3. 
2.1 Tvp es of Systems 
The feature o f  CRAM which establishes the basic limitation on 
the applicability of this analysis method is the mathematical reli- 
ability model produced by the second computer program. CRAM is 
applicable only to systems which can be represented by such a model. 
Reliability models are formulas  in the propositional calculus; 
they are equivalent to Boolean formulas. (See the discussion in 
the Appendix.) 
terns a and b in series, then the model is 
For instance, if s is a system consisting of subsys- - 
- - 
S * = A g B  ( 3  1 
where the capital letters denote that the corresponding subsystems 
work for the required length of time and the * denotes that the 
entire system works. Equation 3 is a propositional function. If 2 
3 
c o n s i s t s  o f  a ser ies  p a t h  through 2, and p a r a l l e l  paths through 
- b and - e ,  t h e n  t h e  model i s  
S* = A - and (B - or C) (4) 
I n  the  fo rego ing  i n t e r p r e t a t i o n ,  t h e  concept "a - works" needs 
e x p l a n a t i o n .  The subsystem - a performs a f u n c t i o n  i n  t h e  system 5. 
If - s i s  a hardware system, t h e n  some p h y s i c a l  e n t i t y  ( a  c u r r e n t  or 
g a s )  e n t e r s  2 at one end, i s  ope ra t ed  upon by - a,  and emerges i n  
changed form a t  t h e  o t h e r  end.  If t h e  system i s  t o  work, t h e  form 
of  t h e  p h y s i c a l  e n t i t y  as  i t  l e a v e s  - a must be c o r r e c t .  Sometimes 
it i s  p o s s i b l e  to know whether or no t  t h e  o u t p u t  o f  - a i s  c o r r e c t  
wi thout  r e f e r e n c e  to t h e  o t h e r  p a r t s  of t h e  system -- for i n s t a n c e ,  
i f  t h e  f u n c t i o n  of 2 i s  to produce a n  e l e c t r i c a l  p u l s e  of a c e r t a i n  
shape and s i z e ,  o r  i f  - a i s  a va lve  which should c l o s e  a g a i n s t  a g i v e n  
p r e s s u r e .  A t  o t h e r  times it  may be imposs ib l e  to d e c i d e  whether the  
o u t p u t  of 2 i s  c o r r e c t  w i thou t  knowing how o t h e r  e l emen t s  a r e  
o p e r a t i n g  -- f o r  i n s t a n c e ,  if t h r e e  b a t t e r i e s ,  each w i t h  a r a t e d  
c a p a c i t y  of  12 amp-hr, a r e  t o g e t h e r  r e q u i r e d  L O  d e l i v e r  30 amp-hr. 
The system can f u n c t i o n  w i t h  one of t h e s e  b a t t e r i e s  w e l l  below i t s  
r a t e d  o u t p u t ,  provided the  o t h e r s  a re  up t o  t h e i r  r a t i n g .  If the 
elements  a re  made t o  s p e c i f i c a t i o n s ,  however, and w e  a r b i t r a r i l y  
s a y  t h a t  a n  element works i n  the  system i f  i t  meets i t s  S p e c i f i c a -  
t i o n ,  then we a re  i n  t h e  s i t u a t i o n  o f  n o t  needing to r e f e r  to o t h e r  
p a r t s  of t h e  system. 
The two c a s e s  -- systems i n  which t h e  c o r r e c t n e s s  o f  element 
o u t p u t s  can be  a s c e r t a i n e d  wi thou t  r e f e r e n c e  t o  t h e  o t h e r  e l emen t s ,  
and those  i n  which t h i s  i s  no t  p o s s i b l e  -- lead t o  ve ry  d i f f e r e n t  
models.  I n  the f i r s t  c a s e ,  CRAM can be  used and t h e  system can  be  
modeled w i t h i n  the p r o p o s i t i o n a l  c a l c u l u s .  I n  t he  second c a s e ,  
s o p h i s t i c a t e d  a n a l y t i c a l  models a re  n e c e s s a r y ;  CRAM canno t  be used.  
From t h e  above d i s c u s s i o n  i t  i s  e v i d e n t  t h a t  CRAM can  always 
be  used i f  the  element o p e r a t i n g  mode i s  de termined  w i t h  r e g a r d  Only 
t o  the  s p e c i f i c a t i o n s .  T h i s  fea ture  makes t h e  method p a r t i c u l a r l y  
a p p r o p r i a t e  f o r  systems a n a l y s i s  where t h e  e lements  a r e  subsystems 
r a t h e r  than  p i e c e  p a r t s .  
4 
CRAM imposes no l i m i t a t i o n  on t h e  number of  d i f f e r e n t  o p e r a t i n g  
modes of a n  element t h a t  can be cons ide red .  For  i n s t a n c e ,  a d iode  
may be i n  any one o f  s e v e r a l  " f a i l u r e "  modes -- such  as "open," 
" shor t ed ,  or ' h o i s y "  -- some o f  which may n o t  p r e v e n t  s a t i s f a c t o r y  
c i r c u i t  performance. All these f a i l u r e  modes can  be accommodated 
s e p a r a t e l y  i n  t h e  a n a l y s i s .  S i m i l a r l y ,  i f  a subsystem can  o p e r a t e  
i n  a number of d i f f e r e n t  modes, t h e s e  modes can be d i s t i n g u i s h e d  and 
t h e i r  d i f f e r e n t  e f f e c t s  on t h e  system t a k e n  i n t o  a c c o u n t .  
i 
F u r t h e r  r e s t r i c t i o n s  on the u s e  of CRAM which do now e x i s t  a re  
n o t  i n h e r e n t  to t h e  method b u t  r e f l e c t  t h e  deg ree  of complet ion o f  
the  computer programs. The programs as now c o n s t i t u t e d  can  handle  
o n l y  s e r i e s  systems o r  systems w i t h  a c t i v e  redundancy, which do not  
change t h e i r  c o n f i g u r a t i o n  w i t h  t i m e .  The r e s t r i c t i o n s  a r e  i n  
p r o c e s s  of be ing  removed, and,  when t h e y  a re ,  CRAM w i l l  be a p p l i c a b l e  
to a l l  systems which s a t i s f y  t h e  requirement  o f  independence of  
o p e r a t i n g  modes among t h e  elements ,  i n c l u d i n g  
( a )  systems w i t h  s tandby redundancy 
( b )  systems w i t h  r e p a i r  c a p a b i l i t y  




2.2 Advantages and Disadvantages o f  CRAM 
The diagrams used i n  t h e  CRAM method a r e  d i f f e r e n t  i n  appearance 
from the  u s u a l  t y p e  of r e l i a b i l i t y  diagrams. Because each  b l o c k  i s  
p e r m i t t e d  only one s u c c e s s o r ,  t h e  diagram w i l l  have more b l o c k s  and 
g i v e  t h e  impress ion  of b e i n g  more complex. I n  f a c t ,  CRAM diagrams 
a re  s t r u c t u r a l l y  s i m p l e r  t h a n  conven t iona l  r e l i a b i l i t y  diagrams.  It 
t a k e s  some p r a c t i c e ,  however, t o  l e a r n  t o  a p p l y  t h e  r u l e s  e a s i l y .  I n  
A R I N C  Research e x p e r i e n c e  t h e  l e a r n i n g  t i m e  i s  abou t  2 weeks; a f t e r  
t h a t  p e r i o d ,  a n  a n a l y s t  w i l l  produce and r e a d  CRAM diagrams as  
e a s i l y  as o t h e r  t y p e s .  
Both t h e  advantages  and t h e  d i s a d v a n t a g e s  o f  CRAM f o l l o w  from 
i t s  f o r m a l i t y .  Tables  of e lements  must be completed,  w i t h  t h e  name 
o f  e a c h  element accompanied by the  name of  t h e  element c l a s s  to which 
it b e l o n g s .  For  each element c l a s s ,  f a i l u r e  i n f o r m a t i o n  must be 
p r o v i d e d  i n  a n o t h e r  t a b l e .  Both the t a b l e s  and the  diagram must be 
c o p i e d  on code sheets and punched, and f i n a l l y  t h e  computer programs 
must be run .  A s u b s t a n t i a l  amount o f  c l e r i c a l  l a b o r  i s  invo lved  i n  
c 
t h i s  p rocess ,  and i t  i s  t h i s  c l e r i c a l  l a b o r  t h a t  i s  t r a d e d  off 
a g a i n s t  the e n g i n e e r i n g  t ime. Consequently,  for simple systems 
w i t h  l i t t l e  redundancy, i t  i s  probably e a s i e r  for t h e  a n a l y s t  t o  
w r i t e  t h e  r e l i a b i l i t y  model by hand and compute t h e  r e l i a b i l i t y  
on a desk c a l c u l a t o r  t h a n  t o  i n c u r  t h e  a d m i n i s t r a t i v e  t i m e  needed 
t o  u s e  the computer. 
On t h e  o t h e r  hand, i f  t h e  system becomes complex or i n c o r p o r a t e s  
much redundancy, o r  i f  t h e  elements  can  o p e r a t e  i n  many d i f f e r e n t  
modes which have d i f f e r e n t  e f f e c t s  on system o p e r a t i o n ,  t h e n  t h e  
formal  procedures  of  CRAM b e g i n  t o  pay off. Again, i f  t he  system 
cons ide red  i s  p a r t  of a l a r g e r  system and subsystems a r e  used i n  
s e v e r a l  c o n t e x t s ,  t h e  c a p a b i l i t y  of C R A M  t o  account  f o r  d i f f e r e n t  
u s e s  of the  same subsystem becomes v e r y  u s e f u l .  F i n a l l y ,  C R A M  
p r o v i d e s  a permanent system model, t o s e t h e r  w i t h  a permanent r e c o r d  
of t h e  assumptions abou t  element f a i l u r e  p r o b a b i l i t i e s .  T h i s  
model can be r e a d i l y  updated.  It can  a l s o  be used for r e a s s e s s i n g  
t h e  system s u c c e s s  p r o b a b i l i t y  when more i n f o r m a t i o n  becomes a v a i l -  
a b l e .  I f  t h e s e  c o n s i d e r a t l o n s  a r e  i m p o r t a n t ,  one would t e n d  t o  
u s e  CRAM.  
T h i s  d i s c u s s i o n  o f  when t o  u s e  CRAM can be summed up a s  
f o l l o w s  : 
(1) One would t end  t o  use  CRAM f o r  complex systems incorpo-  
r a t i n g  a s u b s t a n t i a l  amount of redundancy, or f o r  multimode systems,  
o r  f o r  p a r t s  o f  such systems,  o r  f o r  systems which would be  sub- 
j e c t  t o  r e - e v a l u a t i o n  o r  r eas ses smen t .  
( 2 )  One would tend n o t  t o  u s e  C R A M  for r e l a t i v e l y  s imple 
systems, or f o r  systems which a r e  p r i m a r i l y  s e r i e s  systems and 
which  a r e  be ing  e v a l u a t e d  on a one-time-only b a s i s .  
( 3 )  The d i v i d i n g  l i n e  between these c l a s s e s  must be d e t e r -  
mined i n  each case.  
S e c t i o n  2 . 3  o u t l i n e s  i n  sequence t h e  work t h a t  is r e q u i r e d  i n  a 
CRAM a n a l y s i s  and t h a t  m u s t  be c o n s i d e r e d  i n  t h e  d e c i s i o n  whether 
o r  no t  t o  u s e  CRAM. 
2.3 Work Flow i n  CRAM 
F i g u r e  1 d i s p l a y s  t h e  t a s k s  t h a t  must be performed i n  a CRAM 
r e l i a b i l i t y  a n a l y s i s .  Most of  t h e s e  t a s k s  a r e  s t a n d a r d  i n g r e d i e n t s  
of any a n a l y s i s ,  and d e t a i l e d  d e s c r i p t i o n s  mr-y be found i n  t e x t b o o k s  
on r 3 l i a b i l i t y . t  
F i r s t ,  a good system d e s c r i p t i o n  must be o b t a i n e d .  T h i s  t a s k  
u s u a l l y  r e q u i r e s  c o n s i d e r a b l e  e f f o r t ,  i n c l u d i n g  much s e a r c h i n g  of  
l i t e r a t u r e ,  conferences  with des igne r s ,  and c o l l a t i n g  o f  s c a t t e r e d  
m a t e r i a l  and i n f o r m a t i o n .  The r e s u l t i n g  system d e s c r i p t i o n  may b e  
a c o l l e c t i o n  of schematics ,  o r  f u n c t i o n  diagrams, o r  b l o c k  diagrams, 
or a combination ~f a l l  t h r e e .  
Next, the  system m u s t  be analyzed to i d e n t i f y  (1) the  d i f f e r e n t  
purposes  i t  may s e r v e  a s  i t  o p e r a t e s  i n  d i f f e r e n t  modes, and ( 2 )  the  
d i f f e r e n t  combinat ions o f  subsystems through which each purpase may 
be accoxp l i shed .  Esch system purpose cor responds  t o  a s e p a r a t e  
system-success  mode, and for each o f  t h e s e  modes a l l  c o n b i n a t i o n s  
o f  subsystem 2 p t r a t i n z  modes which can  a c c o n p l i s h  the p- i rpase must 
be c o l l e c t e d  on a s e p a r a t e  diagram. 
During t h i s  wark, i t  w i l l  become c l e a r  how the  system can  be  
d i v i d e d  i n t o  subsystems s o  t h a t  the subsystems o p e r a t e  o r  f a i l  inde-  
pendent ly  of one a n o t h e r .  T h i s  p a r t i t i o n i n g  c o x l u d e s  the i n i t i a l  
system ana!-ysis. 
Once the  subsystems have been d e f i n e d ,  it i s  necessary  to i s o -  
l a t e  t h e  d i f f e r e n t  modes i n  which t h e y  o p e r a t e  and to c o l l e c t  i n t o  
sets t h o s e  which l e a d  t o  the same system-success  modes. For  each s e t  
o f  subsystem o p e r a t i n g  modes which can  l e a d  to one system-success  
mode, one diagram i s  needed. 
A l l  t h e  t a s k s  d i s c u s s e d  above a r e  r e a l l y  concerned w i t h  d e f i n i n g  
" success"  f o r  the  systems. Once t h i s  h a s  been  done, the r e l i a b i l i t y  
a n a l y s i s  of the  subsystems can be i n i t i a t e d .  The a n a l y s i s  will show 
what combinat ions o f  element o p e r a t i n g  s t a t e s  a r e  necessa ry  t o  a s s u r e  
subsystem s u c c e s s .  
1- S e e ,  for e s a n p l e ,  A R I N C  Research C o r p s r a t i o n ' s  R e l i a b i l i t y  
Engineer ing ,  Wil l iam H. von Alven, ed. , Englewood C l i f f s ,  N. J . ,  
Ppea t i ce -Ha l l ,  I n ? .  , 1964. 
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The r u l e s  f o r  c o n s t r u c t i n g  CLAM diagrams env i sage  a s tep-by-s tep  
a n a l y s i s  of t he  s;lbsystem, s t a r t i n g  w i t h  the  o u t p u t s  and working back 
toward the  i n p u t s .  Experience h a s  shown t h a t  t h i s  procedure -- 
working s t e p  by s t e p  from o u t p u t s  to i n p u t s  -- i s  n o t  o n l y  a conven- 
i e n t  way o f  drawing diagrams b u t  a l s o  h e l p s  t o  e n s u r e  t h a t  no p o s s i -  
b i l i t i e s  a r e  overlooked i n  the a n a l y s i s .  
The diagrams a r e  one o u t p u t  of t he  a n a l y s i s .  The o t h e r  o u t p a t s  
(1) 
( 2 )  A l i s t  of e lements ,  and, f o r  each element,  t h e  c l a s s  t o  
(3 )  
a r e  : 
A l i s t  of  element o p e r a t i n g  modes 
which i t  be longs  
A l i s t  of i n f o r m a t i o n  from which, f o r  each  element c l a s s ,  
the  f a i l u r e  p r o b a b i l i t y  can be  computed. 
An element  c l a s s  i s  any group of  e l emen t s  which have t h e  same 
f a i l u r e  p r o b a b i l i t y .  A f a i l u r e  p r o b a b i l i t y  may be g i v e n  d i r e c t l y  a s  
a p r o b a b i l i t y  or i t  may be g i v e n  i n  the  forin D f  a f a i l u r e  r a t e ,  a 
time, and K f a c t o r s .  Because d i f f e r e n t  K f a c t o r s  o r  times w i l l  l e a d  
to d i f f e r e n t  f a i l u r e  p r o b a b i l i t i e s ,  s e p a r a t e  element c l a s s e s  m d s t  be  
made up f o r  e l emen t s  which have d i f f e r e n t K  f a c t o r s ,  even i f  t h e y  
o t h e r w i s e  be long  t o  the sane c l a s s .  
The three  o u t p u t s  of  the a n a l y s i s  -- diagrams, f a i l u r e -  
i n f o r m a t i o n  t a b l e s ,  and element l i s t s  -- a r e  the i n p u t s  to t h e  
th ree  computer programs ( i d e n t i f i e d  a s  the  P a r t  1, P a r t  2, and 
P a r t  3 p rograms) .  Accordingly,  t h e s e  o u t p u t s  must be t r a n s f e r r e d  
t o  code sheets,  from which c a r d s  w i l l  be punched. 
The c a r d s  r e p r e s e n t i n g  the  diagrams a r e  the  i n p u t s  t o  the  
P a r t  1 program. The o u t p u t  o f  t h i s  program i s  a formula r e p r e s e n t i n g  
the  c o n d i t i o n  f o r  system s u c c e s s .  T h i s  formula,  however, i s  n o t  i n  
a form s u i t a b l e  f o r  r e l i a b i l i t y  computations.  For i n s t a n c e ,  i f  suc- 
c e s s f u l  system o p e r a t i o n  r e q u i r e s  2 and e i t h e r  k or 2, the formula 
would b e t  
t C a p i t a l  l e t t e r s  r e p r e s e n t  t h e  s u p p o s i t i o n  t h a t  t h e  element denoted 
by the  cor responding  small l e t t e r  o p e r a t e s  i n  t h e  r e q l i r e d  mode. 
9 
The p r o b a b i l i t y  of  s u c c e s s  of t h i s  system would be 
+ 'A 'B + 'A 'B 'C 
where PA, PBJ Pc r e p r e s e n t  the s u c c e s s  p r o b a b i l i t i e s  of 2, b, and 
- e ,  r z s p e c t i v e l y .  Ti?e P a r t  2 progra-n c o n v e r t s  formulas  such a s  Equa- 
t i o n  5 i n t o  s e r i e s  of p r o d u c t s  l i k e  t h a t  i n  Equat ion  6, and a t  t h e  
same t i m e  removes any d u p l i c a t i o n s  which nay a r i s e ;  a l s o ,  i t  d e l e t e s  
terms which,  i n  e f f e c t ,  would r e q u i r e  one element to o p e r a t e  i n  t w o  
d i f f e r e n t  modes a t  t h e  same t i m e .  
The Part 3 program a c c e p t s  e q u a t i o n s  such a s  Equat ion  6 and 
t h e  e l e m e n t - l i s t  and f a i l u r e - i n f o r m a t i o n  t a b l e s ,  s u b s t i t u t e s  the 
numbers, and c a l c u l a t e s  t h e  system r e l i a b i l i t y .  
T h e  f i n a l  t a s k ,  reassembl ing  t h e  system from i t s  subsystems, 
r e q u i r e s  l i t t l e  comment. T h i s  can  e i t h e r  be done by hand, or, if 
diagrams have been made f o r  t h e  d i f f e r e n t  system modes i n  terms of 
t h e  subsystem modes, i t  can  be done on the  comp-Jter. I n  t h e  l a t t e r  
c a s e  the  elements  w i l l  be  t h e  subsystems, and t h e i r  p r o b a b i l i t i e s  
w i l l  be  t h e  o u t p u t s  of t h e  subsystem a n a l y s e s .  
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3 .  BASIC RULES OF PRCCEDURE 
Any r e l i a b i l i t y  a n a l y s i s  r s q u i r e s  t h e  p a i n s t a k i n 2  performance 
o f  a l l  the  t a s k s  above the  f i rs t  d m b l e  l i n e  i n  F igure  1. If  the  
o r g a n i z a t i o n  and muIi.itGi-TiYg cf t h e s e  t?ks  i_s d i f f e r e n t  when 
C,WM i s  used,  t h i s  d i f f e r m c e  i s  a consequence on ly  of t h e  f ixed 
format  of CRAM outp7Jts and t h e  g r e a t e r  ea se  with which CRAM sepa- 
r a t e s  and recombines subsystems. 
Because o f  t h e  f i x e d  format  o f  the  diagrams and o t h e r  outp-dts 
of t h e  C,WM a n a l y s i s ,  i t  i s  much e a s i e r  t o  d i v i d e  a system i n t o  sub- 
systems -- each o f  w h i c h  nay be  ass igned  t o  a d i f f e r e n t  a n a l y s t  -- 
and t h e n  t o  recombine the r e s u l t s .  When t h i s  i s  done, however, a 
c a r e f u l  c o n t r o l  must be e x e r c i s e d  to ensu re  t h a t  the  subsystems 
recombice c o r r e c t l y .  Also, the  schedul ing  must be c a r e f u l l y  managed, 
s i n c e  one subsystem i s  u s u a l l y  a n  i n p u t  t o  ano the r  and the r e l i a -  
b i l i t y  o f  the  f i r s t  must be known b e f o r e  t h a t  of the second can be 
computed. 
The e a s e  w i t h  which d i f f e r e n t  e lement  o p e r a t i n g  modes can be 
accounted  f o r  on a CRAM diagram tempts the a n a l y s t  t o  r e c o r d  a com- 
p l e t e  a n a l y s i s  of h i s  subsystem. T h i s  f e a t u r e  i s  d e s i r a b l e ,  s i n c e  
i t  t e n d s  t o  p rov ide  a model t h a t  i s  more f a i t h f u l  t o  the  o r i g i n a l ;  
however, i t  a l s o  n e c e s s i t a t e s  a c a r e f u l  moni tor ing  system t o  ensu re  
t h a t  n3 mis t akes ,  and e s p e c i a l l y  no typograph ica l  e r rors ,  a r e  
a l lowed t o  e n t e r  t h e  computer i n p u t s .  I n  gene ra l ,  one of t he  c h i e f  
p rzoccupa t ions  i n  the management o f  a CRAM a n a l y s i s  w i l l  be t o  main- 
t a i n  accuracy  throughout ,  and procedures  f o r  ach iev ing  t h i s  aim must 
be e s t a b l i s h e d .  
Tl,e a c t u a l  Job c f  d i v i d i n g  a system i n t o  subsystems i s  an 
e n g i n e e r i n g  f u n c t i o n ;  i t  w i l l  be d i s c u s s e d  i n  S e c t i o n  4 . 1 . 4  of t h i s  
monograph. Management's f u n c t i c n  i s  t o  o rgan ize  t h e  work so  t h a t  
i t  can  be conducted wi thout  confus ion .  Tine reniainder o f  S e c t i o n  3 
seeks t o  e a s e  the  management t a sk  by p r e s e n t i n g  s e v e r a l  p rocedura l  
r u l e s  and a sugges ted  work schedule .  T h i s  m a t e r i a l  s t a t e s  c e r t a i n  
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fundamentals of t h e  e n g i n e e r i n g - a n a l y s i s  work d e s c r i b e d  i n  S e c t i o n  4, 
shows t h e  e lements  of  CRAM i n  p e r s p e c t i v e ,  and emphasizes precau-  
t i o n a r y  measures t h a t  a r e  of major  importance.  
3.1 Bas ic  Rules  f o r  Div id ing  t h e  System 
The computer programs o p e r a t e  on the names of e lements .  If 
two elements  appear ing  on t h e  same diagram a r e  g i v e n  t h e  same name, 
t h e  programs w i l l  t r s a t  them a s  d i f f e r e n t  occur r2nces  o f  t h e  same 
element ,  and d e r i v e  t h e  model a c c o r d i n g l y .  Conversely,  i f  t h e  Same 
element appea r s  tw ice  on a diagram, b u t  under  d i f f e r e n t  names, t h e  
program w i l l  a c t  a s  i f  t h e r e  were two d i s t i n c t  e l emen t s .  The same 
p r i n c i p l e  a p p l i e s  to subsystems. Thus, i f  two subsystems have a 
group of e l emen t s  i n  common, b u t  t h e  subsystems a r e  g i v e n  d i f f e r e n t  
names, the computer w i l l  a c t  a s  i f  t h e  common group of e l emen t s  i s  
i n  f a c t  two s e p a r a t e  groups.  
From t h e s e  c o n s i d e r a t i o n s  we o b t a i n  the  f i r s t  two p rocedura l  
r u l e s  ( P R ) :  
PR 1. No two e l emen t s  i n  the system nay have t h e  same name. 
PR 2 .  No two subsystems may have e lements  i n  common; i . e . ,  
e lements  i n  common between t w o  subsystems shou ld  be 
broken o u t  a s  a s e p a r a t e  subsystem. 
To ensure an o r d e r l y  a n a l y s i s  and, a l s o ,  t o  de te rmine  the  f a c t s  
r e l a t i n g  t o  PR 2,  above, i t  i s  n e c e s s a r y  t o  know how a l l  t h e  sub- 
systems f i t  t o g e t h e r ,  b e f o r e  t h e y  a r e  ana lyzed .  The b e s t  way t o  
e n s u r e  t h a t  t h i s  i s  done i s  to c o n s t r u c t  CRAM-type diagrams f o r  t h e  
system, with the subsystems a p p e a r i n g  a s  e l emen t s .  These diagrams 
p rov ide  the b a s i s  f o r  t h e  n e x t  p r o c e d u r a l  r u l e :  
Pi3 3. Before t h e  subsystem a n a l y s i s  i s  i n i t i a t e d ,  c o n s t r d c t  
diagrams o f  t h e  system modes of i n t e r e s t ,  i n  which t h e  
subsystem modes o f  i n t e r e s t  a r e  e l emen t s .  
T h i s  procedure a l s o  s e r v e s  a s  a mechanism f o r  e n s u r i n g  t h a t  PR 1 and 
Pi3 2 have been com2lied w i t h .  These system diagrams shou ld  be  a s  
e x p l i c i t  a s  p o s s i b l e  abou t  t h e  r e q u i r e m e n t s  on t h e  subsystem. For 
i n s t a n c e ,  if t h e  f u n c t i o n  of  a subsystem i s  t o  produce a s i g n a l ,  
t h e  b l o c k  should be  l a b e l e d  w i t h  a " c o r r e c t  s i g n a l "  i n d i c a t i o n ,  
r a t h e r  than a s  "OK".  (The p r e c i s e  method of l a b e l i n g  o p e r a t i n g  
modes i S  exp la ined  i n  S e c t i o n  4 . 2 . 2 . )  If t h e r e  a r e  nonsystem i n p u t s ,  
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t h e s e  should be shown on the diagrams, s o  t h a t  the  system diagrams 
on which t h e  subsystems a r e  b locks  w i l l  be i n  a l l  r e s p e c t s  l i k e  t he  
subsystem diagrams on which the  elements  a r e  b locks .  
The a n a l y s t  must have a c l e a r  unders tanding  of t h e  sjmbolism 
used  i n  the  diagrams; o the rwise  much confus ion  can r e s u l t .  Tnrough- 
o u t  t h e  a n a l y s i s  i f  2, f o r  i n s t ance ,  i s  an  element ,  t h e n  A/OK 
r e p r e s e n t s  t h e  p r o p o s i t i o n  t h a t  5 h a s  no t  f a i l e d  i n  any way, and 
A*/OK ~ep~esezts t5c p r o p o s i t i o r l  i h a t  a has  n o t  f a i l e d  and t h a t  a l l  
t he  necessary  i n p u t s  f o r  2 a r e  a v a i l a b l e .  The sane  a > p l i e s  t o  a 
subsystem. If, f o r  exaaple ,  11301/cs't, r s p r e s e n t i n z  t h e  c o r r e c t  
s i g n a l  ou tpu t  of a subsystem, appea r s  a s  a b lock  on the  system 
diagram and a s  a t e r n i n a l  b lock  on t h e  subsystem diagrarn f o r  sub- 
system 301, t h e n  11301*/cs11 can  be i n t e r p r e t e d  i n  two ways: 
011 the  system diagram i t  would mean t h a t  subsystem 301 and 
a l l  subsystems which p x v i d e  301 wi th  i n p u t s  a r e  working 
c o r r e c t l y .  
v i d i n g  the r i g h t  ou tput" ;  i . e . ,  a system may work c o r r e c t l y  
and y e t  have f a i l e d  e l emen t s . )  
- 
("Working c o r r e c t l y "  i n  t h i s  con tex t  means "pro- 
011 t h e  subsystem diagram i t  would mean t h a t  a l l  t he  p-edeces- 
SOPS shown on t h e  subsystem diagrams a r e  working c o r r e c t l y .  
These two i n t e r p r z t a t i o n s  l e a d  t o  the  same f o r m i l a s  i f  a l l  the  
sabsystems which p rov ide  i n p u t s  t o  t h e  subsystem 301 a r e  so  shown 
on t h e  diagrarn f o r  301. However, i f  t h i s  i s  done, the  r e l i a b i l i t y  
e v a l u a t i o n  of 301 must awa i t  complet ion o f  t h e  r e l i a b i l i t y  evalua-  
t i o n s  of t n e  i n p u t s .  Furthermore,  no e v a l u a t i o n  o f  t he  subsystem 
301 by i t s e l f  w i l l  e v e r  be produced. It i s  b e t t e r ,  therefore ,  t o  
produce a model f o r  a subsystem i n  which t h e  i n p u t s  ob ta ined  f r o m  
o t h e r  subsystems a r e  no t  mentioned, and t o  r e l y  on t h e  system d ia -  
g r a m  t o  perforill the  i n t e g r a t i o n  among subsystems. The nex t  proce-  
d u r a l  r u l e  is, t h e r e f o r e :  
PR 4. On sitbsystem diagrams the  subsystems which p rov ide  
i n p u t s  should be shown, b u t  t h e  l a t t e r  subsystems 
should no t  appear  i n  the  model.  The subsystem name 
wi thout  a s t a r  ( e . g . ,  3 C l i c s )  s h a l l  d e s i g n a t e  t h e  con- 
d i t i o n a l  even t  t h a t  t h e  subsystem op3ra t e s  c o r r e c t l y ,  
i f  a l l  t h e  sitbsysterns pi-oviding i n p u t s  o p e r a t e  c o r r e c t l y .  
3.2 Schedul ing  
F i g u r e  2 r e p r e s e n t s  a s chedu l inz  c h a r t  t h a t  h a s  proved a 
v a l u a b l e  d e v i c e  f o r  management of t h e  a n a l y s i s  of a l a r g e  system. 
The c h a r t  may a p p l y  e i t h e r  t o  t h e  e n t i r e  system i n  one of i t s  modes 
of i n t e r e s t ,  or t o  one of t h e  subsystems, s i n c e  subsystems t o o  may 
be  broken up i n t o  sub-subsystems b e f o r e  b e i n g  analyzed i n t o  elements .  
I n  t h e  f i r s t  colurnn a r e  l i s t e d  t h e  subsystems w i t h  t h e i r  
r e q J i r e d  o p e r a t i n g  modes if t h e  c h a r t  i s  for a system; t h e  sub- 
subsystems i f  t h e  c h a r t  i s  f o r  a subsystem. T n i s  column t h e r e f o r e  
c o n t a i n s  t h e  f u l l  d e s c r i p t i o n  of  t h e  b l o c k s  on t h e  cor responding  
diagrams. 
The second column l i s t s  t h e  names t h a t  have been g i v e n  to t h e  
b l o c k s  on t h e  diagram. The f i r s t  two columns t o g e t h e r  s e r v e  a l s o  
a s  a " d i c t i o n a r y "  for subsystem names. For  example, t h e y  woxld 
show what subsystem i s  r e p r e s e n t e d  by " 3 O l " .  
The t h i r d  colurnn c o n t a i n s  e n t r i e s  o n l y  f o r  t h o s e  subsystems 
which a r e  f u r t h e r  broken down i n t o  sub-subsystems. Esch subsystem 
of t h i s  t ype  w i l l  t h e n  hav? i t s  own s c h e d u l i n s  c h a r t ,  and t h e  
number a f  the c h a r t  w i l l  appea r  i n  t h i s  column. 
The remaining coluinns r e f e r  to t h e  t a s k s  d e t a i l e d  on F i g u r e  1. 
They a re ,  i n  o r d e r :  
Column 4 D e s c r i p t i o n  T h i s  hea l in i .  r3fers t o  t h e  system o r  d e s c r i p -  
com3le t e  t i o n  f r o n  whicli t h e  diagram w i l l  b e  made. 
Note t h a t  i t  i s  p o s s i b l e ,  and indeed common, 
to have s u f f i c i e n t  i n f o r m a t i o n  t o  c o n s t r u c t  
t h e  system diagram i n  terms of subsystems 
b e f o r e  a l l  t h e  d e t a i l s  on each subsystem a r e  
kmwn. 
Column 5 Diagram T n i s  headin-  i s  s e l f - e x p l a n a t o r y .  Note t h a t ,  
c oinpl e t e by PR 3, t h e  system diagrams must be  complete 
b e f o r e  t h e  sabsystems can  be e n t e r e d  i n  
columns 1 and 2 .  
Colurnn 5 Diagram The  need for ?heckin: i s  d i s c u s s e d  i n  
Column 7 Diagraa to I f  a r e p o r t  i s  r z q u i r e d ,  i t s  p r o d u c t i o n  
checked S e c t i o n  3.3. 
d r a  f t in; should be scheduled  c o n c u r r e n t l y  w i t h  t h e  
z!nY y s i s .  
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Diagram c a r d s  
checked 
E l  ement t a b 1  e 
compl e t e 
Element t ab1 e 
checked 
Element t a b l e  
coded and 
punched 
Element t a b l e  
c a r d s  checked 
Element t a b l e  
t o  t y p i n g  
C las s  f a i l u r e  
t a b l e  number 
Columns 16-20 
Column 2 1  Par t  1 
Column 22 P a r t  2 
Column 23 P a r t  3 
program riln 
program r u n  
program r u n  
See S e c t i o n  3.3. 
For a system d i a g r a a ,  t h i s  heading r e fe r s  
t o  a t a b l e  of subsystems; for a subsystem 
ana lyzed  i n t o  sub-subsystems, i t  r e f e r s  
t o  a t a b l e  of the  l a t t e r .  The items i n  
t h e  t a b l e  w i l l  c o n s i s t  o f  names of blocks 
and t h e  c l a s s e s  t o  which t h e s e  b l o c k s  
belong.  
It i s  q u i t e  comnoi1 for s e v e r a l  subsystems 
t o  c o n s i s t  of t h e  same element c l a s s e s .  
I n  t h i s  c a s e  o n l y  one t a b l e  needs t o  be  
made f o r  t h e  group. 
These columns a r e  f o r  t h e  t a b l e s  o f  f a i l u r e  
i n f o r m a t i o n  f o r  the element c l a s s e s .  The 
s t e p s  a r e  t h e  same; p r e p a r a t i o n ,  checking,  
punching and checking,  t a b l e  t o  t y p i n g .  
Tne P a r t  1 program u s e s  o n l y  the  diagram 
c a r d s .  
The P a r t  2 program u s e s  on ly  the  o u t p u t  of 
t h e  P a r t  1 program. 
The P a r t  3 program u s e s  the  o u t p u t  of 
P a r t  2 and t h e  two t a b l e s  r e f e r r e d  t o  i n  
Columns 10  and 15. 
The procedure  for use  of t h e  c h a r t  i s  t o  e n t e r  t h e  due da t e  
and t h e  i n i t i a l s  of t h e  r e s p o n s i b l e  s t a f f  member i n  t h e  b l o c k  and,  
as  the  work is completed,  t o  c r o s s h a t c h  t h o s e  b l o c k s  which a r e  
complete .  The c h a r t  t h u s  will show a t  a g l a n c e  which subsystems 
a r e  l agg ing  beh ind .  
I n  schedu l ing  t h e  computer r u n s ,  t h e  a n a l y s t  shou ld  b e a r  i n  
mind t h a t  t hey  a r e  u s u a l l y  brief' .  
program for very  l a r g e  diagrams,  which may t a k e  s e v e r a l  hour s .  ) 
(An e x c e p t i o n  i s  the  P a r t  2 
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There fo re ,  i t  may be more economical t o  schedule  a number of r u n s  
o f  P a r t  1 fo l lowed by a number of runs  of P a r t s  2 and 3, r a t h e r  
t h a n  r a n n i n g  each subsystem a s  t h e  i n p u t s  become a v a i l a b l e .  It i s  
i n  g e n e r a l  more e f f i c i e n t ,  and t h e r e f o r e  cheaper ,  to make a number 
o f  r u n s  w i t h  one program t h a n  t o  take  one set  of i n p u t s  th rough a 
s e r i e s  of programs, and t h e n  another ,  and s o  on. Exper ience  must 
show, and p r e s s u r e  of due d a t e s  determine, to what e x t e n t  sdch 
economies of computer time can be  e f f e c t e d .  
3.3 Checking and Proofreading  
The need f o r  accuracy  i n  r e l i a b i l i t y  a n a l y s i s  i s  n o t  p e c u l i a r  
to CRAM. However, t h e  g r e a t e r  f o r m a l i t y  and t h e  g r e a t e r  d i v i s i o n  
of l a b o r  c h a r a c t e r i s t i c  of CRAM make i t  born p o s s i b l e  and more neces- 
s a r y  to e s t a b l i s h  p rocedures  f o r  guard ing  a g a i n s t  a n a l y t i c a l  and 
t y p o g r a p h i c a l  e r r o r s .  The recommended procedures ,  compris ing f i v e  
p a r t s  of PR 5, a r e  a s  f o l l o w s :  
TR 5.1. Diagrams shou ld  be checked a g a i n s t  
d e s c r i p t i o n  by a second a n a l y s t .  
be  checked 
PR 5.2. L i s t s  of e lement  names vs .  e lement  
the system 
c l a s s e s  should  
( a )  a g a i n s t  t h e  diagram f o r  comple teness  o f  the 
( b )  a g a i n s t  t he  o r i g i n a l  system d e s c r i p t i o n ,  a s  
l i s t  and accuracy of t h e  names 
a second check on names, and f o r  t h e  element  
c l a s s  to which each element  be longs  
PR 5.3. L i s t s  of f a i l u r e  in fo rma t ion  f o r  e lement  c l a s s e s  
should  be p roof read  a g a i n s t  t h e  o r i g i n a l  source.  
Pi3 5.4. L i s t i n g s  of diagram c a r d s  should  be p roof read  a g a i n s t  
t h e  diagram, as  should l i s t i n g s  of c a r d s  of t h e  
element  v s .  c l a s s  t a b l e s .  L i s t i n g s  of f a i l u r e  i n f o r -  
mat ion should  be p roof read  a g a i n s t  t h e  o r i g i n a l  source .  
Tne p r i n t o u t  of t h e  P a r t  3 program should  be c a r e f u l l y  
examined by t h e  o r i g i n a l  a n a l y s t .  
Pi? 5.5 
I f  t h e s e  s t e p s  a r e  fol lowed,  i n a c c u r a c i e s  should  be  k e p t  t o  a mini-  
mum. It inust be s t r e s s e d  t h a t  the computer program works on ly  on 
what i t  sees .  Many m i s t a k e s  i n  the  i n p u t s  w i l l  c ause  i t  to h a l t ,  
b u t  if a wronz p a r t - c l a s s  o r  o p e r a t i n g  node h a s  been coded, the 
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program w i l l  c o n t i n u e  t h e  computation w i t h  t h i s  mis take  and sxp2ly 
wrong answers. For t h i s  r e a s o n  t h e  checkin2 and p r o o f r s a d i n g  pro-  
cedures  o f  PR #? a r e  of t h e  utmost importsnc?.  
3.4 Conclusion 
Tne p rocedura l  r u l e s  an3  s c h e d u l i n z  c h a r t  g iven  i n  S e c t i o n s  
3.1-3.3 are  in t ended  2s u i d e s  t o  tlle m a . 1 ~ ~  enlcnt cf a r e l i a b i l i t y  
a n a l y s i s .  The accompanyinc d i s c u s s i o n  p o i n t s  a u t  sone of t h e  c h a r -  
a c t e r i s t i c s  of  C R A M  which have l e d  to d i f f i c u l t i e s  i n  t h e  o r d e r l y  
p r o g r e s s i o n  o f  t a s k s  i n  t h e  p a s t .  The g u i d e l i n e s  g i v e n  w i l l  n o t  
s u b s t i t u t e  for a t t e n t i v ?  management, n o r  w i l l  t hey  s o l v e  a l l  d i f f i -  
c u l t i e s  w!iich may a r i s e .  They have, however, proved h e l p f u l  i n  
t h e  p a s t ,  and i t  i s  haped t hey  can  b e  f u r t h e r  developed t o  p r o v i d e  
more h e l p  i n  t h e  f u t u r e .  
4. ENGINEERING ANALYSIS 
4.1 General  Discuss ion  
T h i s  i n t r o d u c t i o n  t o  t h e  e n g i n e e r i n g - a n a l y s i s  p o r t i o n  of the 
CRAM method w i l l  c o n s i d e r  some of t h e  more g e n e r a l  c h a r a c t e r i s t i c s  
of  CRAM, i n  comparison w i t h  t h o s e  of L e  c l a s s i c a l  r e l i a b i l i t y  
a n a l y s i s  method. The d i f f e r e n c e s  between the  two methods a r e  a c t u -  
a l l y  r a t h e r  small, and t h i s  i s  a s  i t  shou ld  be, s i n c e  t h e  c l a s s i c a l  
method produces good r e s u l t s .  Perhaps the b e s t  way t o  look  a t  CRAM 
i s  a s  a sharpening  of the c l a s s i c a l  method; t he  same t a s k s  must be 
performed by the  a n a l y s t s  and t h e  same i n f o r m a t i o n  must be a v a i l a b l e .  
The o n l y  d i f f e r e n c e  i s  t h a t  i n  CRAM, t h e  r e c o r d  of  the  a n a l y s i s  ( t h e  
diagram) and o f  t h e  a u x i l i a r y  in fo rma t ion  ( k i n d s  of e l emen t s  and 
t h e i r  f a i l u r e  r a t e s )  i s  produced by e x p l i c i t l y  s t a t e d  r u l e s ,  and 
hence w i l l  be a v a i l a b l e  i n  a s t a n d a r d  form. 
The  p r i c e  p a i d  f o r  these advantages of CRAM i s  t h a t  exper ienced  
a n a l y s t s  must t a k e  t h e  t r o u b l e  to become f a m i l i a r  w i t h  the  r u l e s  
and  w i t h  t he  s t a n d a r d  forms. The payoff t o  t h e  a n a l y s t  i s  t h a t  i t  
r e l i e v e s  h i m  of n o t  on ly  the  a d m i n i s t r a t i v e  burden of r e c o r d i n g  t h e  
i n f o r m a t i o n  b u t  a l s o  t h e  computat ional  burden of c o n s t r u c t i n g  r e l i -  
a b i l i t y  models from the  diagram and computing r e l i a b i l i t i e s  from 
these models and t h e  f a i l u r e  in fo rma t ion .  
The  payoff  to management i s  t h a t ,  w i t h  t he  s t a n d a r d i z a t i o n  of  
fo rma t  and t h e  e a s i n g  of t h e  a d m i n i s t r a t i v e  and computat ional  l oad ,  
i t  becomes much e a s i e r  t o  d i v i d e  systems i n t o  subsystems f o r  a n a l y s i s  
and t o  recombine t h e  r e s u l t s .  Hence, w i t h  t h e  same management e f f o r t ,  
l a r g e r  systems can  be s u b j e c t e d  t o  a more d e t a i l e d  a n a l y s i s  t h a n  i s  
p o s s i b l e  w i t h  a l ess  fo rma l i zed  approach. 
A p o i n t  d i s c u s s e d  i n  S e c t i o n  2 .2  i s  worth r e s t a t i n g  h e r e :  By 
no means wi11 a l l  systems repay t h e  e f f o r t  r e q u i r e d  by t h e  i n c r e a s e d  
f o r m a l i t y  cf t h e  CRAM t echn ique .  
4 . 1 . 1  Diagrams 
"A r e l i a b i l i t y  b lock  diagram may be cons idered  a l o g i c  
c h a r t  which, by means of t h e  arrangement of b l o c k s  and l i n e s ,  
d e p i c t s  t h e  e f f e c t  of f a i l u r e  of items of equipment on t h e  
s y s t e m ' s  f u n c t i o n a l  c a p a b i l i t y .  t 
Any r e l i a b i l i t y  b lock  diagram must s a t i s f y  t h i s  d e f i n i t i o n .  It 
must b e  remembered t h a t  such diagrams form the b a s i s  of r e l i a b i l i t y  
a n a l y s i s ;  i n  f a c t ,  t h e  t h e o r y  of r e l i a b i l i t y  a n a l y s i s  i s  a t h e o r y  
abou t  r e l i a b i l i t y  diagrams. tt 
diagrams i s  a t  the  root of any method f o r  r e l i a b i l i t y  a n a l y s i s .  
Therefore  t h e  method of c o n s t r u c t i n g  
R e l i a b i l i t y  Engineer ing,  t h e  sou rce  of t h e  above-quoted d e f i n i -  
t i o n ,  c o n t i n u e s  w i t h  a d e s c r i p t i o n  of what a r e l i a b i l i t y  diagram 
should. l ook  l i k e :  
"Items whose f a i l u r e  c a u s e s  system f a i l u r e  a r e  shown i n  
s e r i e s  w i t h  o t h e r  i tems.  I t ems  whose f a i l u r e  c a u s e s  system 
f a i l u r e  only when some o t h e r  i t e m  h a s  a l s o  f a i l e d .  a r e  drawn 
i n  p a r a l l e l  w i t h  t h e  o t h e r  i t ems ." t  
The i n s t r u c t i o n s  g iven  i n  t h a t  t ex t  a r e  i n  t h e  n a t u r e  of c o n d i t i o n s  
which the  completed diagram must s a t i s f y .  They a l low wide l a t i t u d e  
i n  t h e  t y p e  of diagram used,  and C R A M  diagrams a s  well  a s  t he  more 
conven t iona l  t y p e s  s a t i s f y  t h e s e  r equ i r emen t s .  I n  a s ense ,  t h e  
r u l e s  of CRAM t a k e  up one of t h e  o p t i o n s  a l lowed under  t h e  i n s t r u c -  
t i o n s .  
4.1.2 Rules and Convenience Blocks 
CRAM diagrams d i f f e r  from c o n v e n t i o n a l  ones i n  two r e s p e c t s :  
(1) The b locks  r e f e r  to o p e r a t i n g  mod.es o f  e l emen t s ,  r a t h e r  
t h a n  t o  t h e  elements  themselves .  T h i s  i s  a n a t u r a l  e x t e n s i o n  of 
t h e  concept of a " f a i l ed . "  e lement;  t h e  element  h a s  n o t  f a i l e d  if 
t ARINC Research Corpora t ion ,  Wi l l iam H. von Alven, ed. ,  R e l i -  
a b i l i t y  Engineer ing,  Englewood. C l i f f s ,  N .  J . ,  P r e n t i c e - H a l l ,  I n c a ,  
1964, pg. 286. 
David E. Van T i j n ,  "On th: S y s t e m a t i c  C o n s t r u c t i o n  of R e l i a b i l i t y  
Expressions and Funct ions  , p a p e r  submi t ted  t o  Opera t ions  
Research, September 1964. 
tt 
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i t  i s  i n  one of t h e  o p e r a t i n g  modes s p e c i f i e d  i n  t h e  b lock .  What 
t h i s  neans  i s  t h a t  i t  i s  s t i l l  performing i t s  f u n c t i o n  i n  t h e  system, 
though i t  may w e l l  have f a i l e d  i n  t h e  conven t iona l  sense .  
( 2 )  A s  f a r  a s  t h e  connec t ions  a r e  concerned, CRAM diagrams do 
n o t  have s p l i t  o u t p u t s .  
one successo r  block.  This  f e a t u r e  i s  necessa ry  i f  the P a r t  1 com- 
p u t e r  program i s  t o  be  used; however, i t  i s  a f e a t u r e  t h a t  i s  e a s i l y  
a t t a i n e d .  A n y  conven t iona l  G i a g L . d m  o f  the a e r i e s - ~ a ? c i l l e l  t y p e  car, 
be conve r t ed  t o  a CRAM diagram by a simple r e p e t i t i o n  of branches .  
F i g u r e  3 i s  a comparison of the two t y p e s  of diagrams. 
Every b l o c k  except  t h e  l a s t  h a s  e x a c t l y  
The r e a l  d i f f e r e n c e  i n  CRAM a s  a method i s  i n  the " r u l e s  f o r  
c o n s t r u c t i n g  diagrams". These r u l e s  p rov ide  a procedure  f o r  con- 
v e r t i n g  a system d e s c r i p t i o n  i n t o  a r e l i a b i l i t y  diagram. They 
impose a s t ep -by- s t ep  a n a l y s i s .  The a n a l y s t  a s k s  h imse l f ,  f i rs t :  
and t h e n :  
"What e lement  o u t p u t s  a r e  needed t o  enab le  t h e  system t o  o p e r a t e ? "  
"What combinat ion of i n p u t s  does t h i s  element  need to be a b l e  
t o  func t i o n ? "  
and, f i n a l l y ,  s i n c e  t h e  i n p u t  t o  one element  i s  t h e  ou tpu t  of  a 
p r e c e d i n g  one : 
"How must t h i s  ( p r e c e d i n g )  element o p e r a t e  t o  p rov ide  the out -  
p u t s  r e q u i r e d  a s  i n p u t s  t o  t he  element  j u s t  examined?" 
By a s k i n g  t h i s  sequence of q u e s t i o n s  for each  element,  t h e  
a n a l y s t  i s  a u t o m a t i c a l l y  guided i n t o  t h e  c o n s t r u c t i o n  of r e l i a b i l i t y  
diagrams i n  which t h e  b l o c k s  mention e x p l i c i t l y  t h e  p e r m i s s i b l e  
o p e r a t i n g  modes of e lements  and i n  which a l l  s e r i e s - p a r a l l e l  systems 
produce  t r e e  diagrams. Furthermore, a n a l y s i s  by t h i s  method i s  some- 
what e a s i e r  t h a n  t o  l o o k  a t  an element and a s k  t h e  q u e s t i o n :  
F o r  t h o s e  systems t o  which CRAM a p p l i e s , +  t h e  two approaches y i e l d  
t h e  same r e s u l t .  
"If t h i s  f a i l s ,  what happens t o  the system?' '  
t See  S e c t i o n  2.1.  
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I n p u t  0- C I Output 
J K 
( a )  Convent ional  Diagram 
( b )  CRAM Diagram ( e )  CRAM Diagram 
wi thout  Convenience Blocks w i t h  Convenience Blocks 
FIGURE 3 
CONVENTIONAL AND CRAM DIAGRAMS FOR A REDUNDANT SYSTEM 
The r u l e s  now do two t h i n  s: They p r o v i d e  a n o t a t i o n  for> the  
l o g i c a l  combination of  t h c  i l l p u t s ,  wilich each element  needs,  and, i n  
c a s e  the system i s  a feedback G y s t e n i ,  t h e y  p r o v i d e  a method f o r  con- 
v e r t i n g  t h e  r e l i a b i l i t y  d i a p a m  i n t o  a s e r i e s - p a r a l l e l  diacram which 
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will lead to the correct model. A proof existst that this can always 
be done if the requirement of independence of element operating modes 
is satisfied. 
A notational device is provided by the optional rule, in the 
"convenience blocks". Convenience blocks are used if branches of 
the diagram must be repeated to avoid the split outputs of conven- 
tional diagrams. They are a name for the branch. A convenience 
block may represent either an element and ail its predecessurs, cjr 
it may be inserted in any line of the diagram. In the latter case 
it represents the elements which feed into this line, and all their 
predecessors, but there is no element corresponding to the conven- 
ience block. In Figure 3(c), C* is a convenience block representing 
element 2 and its predecessors; 101 is a convenience block inserted 
into the diagram, without a corresponding element. 
Both types of convenience blocks are used in the same way. The 
first t h e  they are used, when t h e y  are shown with all their prede- 
cessors a "+" is added to the name of the block. This symbol will 
LJuse the computer t o  put the whole expression for the block into a 
special storage. Then the next time the branch is needed as an input 
t o  an element, the same name is repeated, but with a "*" added to it. 
This sign will cause the computer to call the expression for the 
branch from the special storage. 
The convenience blocks serve the valuable purpose of restricting 
the number of extra blocks to one for each place where the outputs 
of a block on a conventional diagram would be split. If they were 
not used, the number of blocks on a CRAM diagram would tend to become 
very large. The effect of convenience blocks may be seen by com- 
paring Figure 3 (b) with Figure 3 ( e  ) .  
4.1.3 Operating Modes 
In a reliability analysis, one takes the different possible 
system performances of' interest and assigns to each a probability of 
cccurrence, which is based on the probabilities of the different 
failure and success rnodes of the elements during the time of interest. 
tVan Tijn, op. cit. (footnote page 20). 
The different system performances must be carefully extracted from 
the function of the system in prospective missions. For example, 
the performances of interest for the following systems are: 
(1) Manned space vehicle 
(a) Success, as planned, or 
(b) Enough thrust f o r  alternate mission, or 
(e) Enough time f o r  successful abort, or 
(d) Catastrophic malfunction 
(2) Warning system 
(a) Correct warning of an actual malfunction, or 
(b) Incorrect warning of a malfunction when there is none 
(3) Bombing-navigation system 
(a) Two methods of visual bombing, or 
(b) Two methods of instrument bombing 
(Each of these four methods places different demands 
on the equipment. ) 
Because the value desired is the probability of each of these 
performances, a diagram must be constructed for each one. Each per- 
formance is defined as a kind of success, and the system is traced 
f o r  each success step by step, with a recording at each step of the 
modes of element operation which will permit successful operation 
of the system up to that point. The diagrams themselves are a pic- 
torial representation of a failure-mode-and-effect analysis. Each 
failure mode and each success mode of every element will appear in 
at least one of the diagrams, neatly filed under the "effect" (i.e., 
the system performance in which it participates) and accompanied 
by all the other element success and failure modes that are necessary 
f o r  this effect to occur. 
The same process works for subsystems. For each system mode, 
a diagram is constructed showing the operating modes of the sub- 
systems relevant to that particular system mode. Those subsystem 
modes that appear on all the diagrams are the subsystem modes of 
interest in the analysis. Each of these subsystem modes will then 
be the subject of an individual subsystem diagram. 
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T h i s  p r o c e s s  may seem cumbersome, b u t  i n  p r a c t i c e  i t  i s  u s u a l l y  
q u i t e  s imple.  Many subsystems a r e  r e s t r i c t e d  to v e r y  few modes -- 
o f t e n  on ly  two: t he re  e i t h e r  i s  o r  i s  n o t  a n  o u t p u t .  The whole 
p r o c e s s ,  fu r the rmore ,  i s  one t h a t  must be performed i n  any a n a l y s i s ;  
and a g a i n  CRAM, regarded  a s  a bookkeeping procedure,  e n s u r e s  a n  
o r d e r l y  p r o g r e s s i o n  i n  t h i s  operating-mode a n a l y s i s .  
4.1.4 Divid ing  the  System i n t o  Subsystems 
The procedure o f  d i v i d i n g  t h e  system i n t o  subsystems h a s  been 
mentioned i n  S e c t i o n  3.1. It i s  a s t a n d a r d  t echn ique  t h a t  must be 
performed i n  any system a n a l y s i s ,  and a d e t a i l e d  d i s c u s s i o n  h a s  no 
p l a c e  i n  t h i s  monograph. 
It must be rea l ized ,however ,  t h a t  t o  a v e r y  l a r g e  e x t e n t  t h e  
d i v i s i o n  of  a system i n t o  subsystems i s  a m a t t e r  of  convenience.  
The r e a s o n  i s  t h a t  i t  i s  e a s i e r  t o  t h i n k  about ,  and t o  ana lyze ,  pe r -  
haps  a dozen sma l l  p a r t s  of a system t h a n  one l a r g e  system. Again 
the  subsystem-system r e l a t i o n s h i p  i s  one t h a t  can  be  reproduced on 
any l e v e l .  I n  f a c t ,  v e r y  l a r g e  s y s t e m s  a r e  b u i l t  i n  t h i s  way. They 
a r e  d i v i d e d  i n t o  p a r t s ,  which a r e  s e p a r a t e l y  c o n t r a c t e d  f o r ;  each 
p a r t  i s  a g a i n  d i v i d e d  i n t o  p a r t s ;  and t h i s  p r o c e s s  c o n t i n u e s  through 
perhaps  a s  many a s  1 4  l e v e l s ,  u n t i l  one f i n a l l y  r e a c h e s  a c o n t r a c t o r  
who h a s  the r e s p o n s i b i l i t y  of b u i l d i n g  a p a r t i c u l a r  equipment o u t  
o f  p i e c e  p a r t s .  The a n a l y t i c  breakdown q u i t e  o f t e n  p a r a l l e l s  the  
breakdown used to manage the  o r i g i n a l  hardware procurement,  and, 
even when it  does n o t ,  a h i e r a r c h i c a l  s t r u c t u r e  of  models w i l l  
p robably  prove conven ien t .  
R e s t r i c t i o n s  t h a t  n u s t  b e  observed i n  the c o n s t r u c t i o n  of  t h e  
system model a r e  b r i e f l y  d i s c u s s e d  below. 
(1) Completeness o f  Model 
At any s t r u c t u r a l  l e v e l ,  a nodel  f c r  t h e  equlpment must c o n t a i n  
a l l  a v a i l a b l e  i n f o r T a t i o n  on how t h e  equipment siorks and what i s  
needed t o  e n e r g i z e  i t .  T h i s  means t h a t  t h e  model f o r  a n  o p e r a t i n g  
mode of a n  equipment must show e x p l i c i t l y :  
( a )  
( b )  The e l emen t s  needed f o r  t h e  equipment t o  o p e r a t e  
( e )  
The i n p u t s  needed by the equipment i n  t h i s  mode 
i n  t h i s  mode 
The o u t p u t s  produced when the equipment o p e r a t e s  
i n  t h i s  mode 
( 2 )  P r e s e r v a t i o n  of Independence 
I f  two subsystems or elements  a r e  i d e n t i f i e d  by d i f f e r e n t  
d e s i g n a t o r s t  and t r e a t e d  on s e p a r a t e  diagrams, t h e  CRAM a n a l y s i s  w i l l  
assume t h a t  t h e  f a i l u r e s  or s u c c e s s e s  of t h e  corresponding equipments 
a r e  independent.  I f  t h e  two subsystems have a group of e lements  i n  
common, however, t h i s  independence i s  v i o l a t e d ,  and hence we may n o t  
a s s i g n  d e s i g n a t o r s  t o  t h e  two subsystems a s  such. I n s t e a d ,  we must 
a s s i g n  a d e s i g n a t o r  t o  t h e  group of common elements ,  and s e p a r a t e  
and d i s t i n c t  d e s i g n a t o r s  t o  t h e  remainders  of t h e  two subsystems. 
The subsystems may s t i l l  have names, b u t  t h e  diagram f o r  each sub- 
system w i l l  now show a t  l e a s t  two d e s i g n a t o r s :  one f o r  t h e  common 
elements,  and one f o r  t h e  elements  p e c u l i a r  t o  t h e  subsystems. On 
any subsystem diagrams c o n t a i n i n g  bo th  subsystems, we must a g a i n  u s e  
t h e  d e s i g n a t o r s  f o r  t h e  s e p a r a t e  groups,  r a t h e r  t h a n  d e s i g n a t o r s  for 
t h e  two subsystems, s i n c e  o the rwise  we s h a l l  i m p l i c i t l y  assume t h a t  
t h e  conunon group o f  e lements  i n  t h e  a c t u a l  equipment i s  d u p l i c a t e d ,  
r a t h e r  t han  sha red .  
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These two p o i n t s  a r e  t h e  ones t o  which s p e c i a l  a t t e n t i o n  must 
be paid i n  a CRAM a n a l y s i s .  
o f  systems, t h e  r e a d e r  i s  r e f e r r e d  t o  t he  s t a n d a r d  l i t e r a t u r e  on 
systems a n a l y s i s .  
For f u r t h e r  d i s c u s s i o n  on t h e  breakdown 
4.2 Naming of  Blocks 
A block on a CRAM diagram s i g n i f i e s  t h e  assumption t h a t  t h e  
element i s  o p e r a t i n g  i n  a mode e n a b l i n g  s u c c e s s  f o r  t h e  p a t h  i n  which 
t h e  block appea r s .  To perform i t s  f u n c t i o n ,  t h e  b l o c k  must c o n t a i n  
t h e  f o 1 lowing i n f  orma t i o n  : 
( a )  A name f o r  t h e  element 
( b )  An i n d i c a t i o n  of  t h e  o p e r a t i n g  modes o f  t h e  element which 
allow s u c c e s s  for t h e  p a t h .  
t The word " d e s i p m t o r "  i n  t h i s  s e c t i o n  r e f e r s  t o  t h e  t e r m  
used t o  r e p r e s e n t  a n  element cn a b l o c k  diagram; f o r  
example, i f  t h e  clement i s  a power s u p p ~ y ,  t h e  d e s i g n a t o r  
might be  "PWSUP". 
26 
This  i n f o r m a t i o n  must be p r e s e n t e d  i n  a code t h a t  i s  r e a d i l y  
unders tandable  t o  t h e  a n a l y s t  who prepaines t h e  diagram, t o  t h e  
a n a l y s t  who checks t h e  diagram ( s e e  PR 5, page 17), and t o  t h e  EDP 
r e p r e s e n t a t i v e  who must conve r t  t h e  diagram t o  a computer code. 
( s e e  S e e .  5.1.3, page 79). I n s t r u c t i o n s  f o r  performing t h i s  coding 
o p e r a t i o n  a r e  g i v e n  i n  S e c t i o n s  4.2.1 and 4.2.2. 
4.2.1 E1emen.t Names 
Elements may be subsystems , sub-subsystems, b l a c k  boxes,  p i e c e  
p a r t s ,  o r  even p a r t s  o f  p i e c e  p a r t s .  The names of t h e  p i e c e  p a r t s ,  
and perhaps  of t h e  b l a c k  boxes, w i l l  b e  found on t h e  o r i g i n a l  system 
d e s c r i p t i o n .  It w i l l  be found advantageous to use,  wherever p o s s i b l e ,  
the  same names on  the diagram a s  on the o r i g i n a l  system d e s c r i p t i o n .  
When these a r e  t o o  long,  a mnemonic c o n t r a c t i o n  can  be used.  
A s  f a r  a s  o t h e r  e lements  a r e  concerned, any s u i t a b l e  names 
can  be employed. One t echn ique  which h a s  been  used i n  a l a r g e - s c a l e  
a n a l y s i s  i s  t o  a s s i g n  a se r ies  of numbers to each subsystem and t o  
use these numbers t o  d i s t i n g u i s h  between d i f f e r e n t  o p e r a t i n g  modes 
o f  t h e  subsystem. These numbers a r e  a l s o  used  w i t h i n  each diagram 
a s  names f o r  convenience b locks .  (For a d i s c u s s i o n  of  convenience 
b locks ,  s e e  page 23;  a l s o ,  fo l lowing  paragraphs  of  t h i s  s e c t i o n . )  
Another method migh-l; be t o  a s s i g n  two o r  th ree  l e t t e r s  a s  a mnemonic 
code to e a c h  subsystem and u s e  numbers t h e r e a f t e r  t o  d i s t i n g u i s h  
convenience b l o c k s  on d i f f e r e n t  diagrams. The impor t an t  r e q u i r e -  
ments a r e  t h a t  d u p l i c a t i o n  of names be  avoided and t h a t  t he  code 
a s s i g n e d  t o  subsystems and sub-subsystems be c a r e f u l l y  recorded  on 
the  diagram on which t h e s e  subsystems o r  sub-subsystems a p p e a r  a s  
e l emen t s .  (See PR 3, page 12 . )  
I n  any computer run,  a l l  element names w i l l  b e  assumed t o  be 
of t h e  same l e n g t h .  It i s  n o t  necessa ry  t h a t  the names a p p e a r i n g  
i n  t h e  b l o c k s  be  of  the same l e n g t h ,  b u t  t h e  l e n g t h  of  the l o n g e s t  
name shou ld  be no ted  by the  a n a l y s t ,  s i n c e  t h i s  w i l l  be the l e n g t h  
t o  which a l l  names w i l l  be expanded. Because a long  name t e n d s  t o  
slow down the  computer program, and heiice i n c r e a s e s  t he  c o s t ,  
u n n e c e s s a r i l y  l o n g  names should be avoided. 
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The computer program r e c o g n i z e s  t w o  k i n d s  of  convenience b l o c k s :  
( a )  Convenience b l o c k s  which correspond t o  e l emen t s  
( b )  Convenience b l o c k s  t o  which no elements  co r re spond .  
These w i l l  r e p r e s e n t  branches of tlie diagram. 
I f  a b lock  which r e p r e s e n t s  a n  element i s  a l s o  to be used a s  
a convenience b lock ,  a ''f" s i g n  i s  added t o  t h e  element name t h e  
f i r s t  time i t  appea r s ,  and a "*'I i s  added on a l l  subsequent  u s e s .  
The l a s t  b lock  of  a diagram i s  u s u a l l y  no t  coded. 
Convenience b locks  may be used a s  names for branches  o f  t h e  
diagram. If no element t e r m i n a t e s  i n  a p a r t i c u l a r  branch,  t h e n  a 
convenience b lock  o f  the  second k i n d  -- a s  d e s c r i b e d  i n  ( b )  above -- 
must be i n s e r t e d .  The diagram must show t h a t  t h i s  i s  a b l o c k  of 
t h e  second k ind ,  s o  t h a t  t h e  computer program w i l l  omit  t h i s  e lement  
name i n  t h e  c o n s t r u c t i o n  o f  t h e  model. A convent ion  -- f o r  example, 
t h e  l e t t e r  C -- may be used f o r  t h i s  purpose.  The EDP group, i n  
t r a n s l a t i n g  t h e  diagram i n t o  a computer code, w i l l  make t h e  appro-  
p r i a t e  i n t e r p r e t a t i o n .  (See Table 2, page 76.) 
The above d i s c u s s i o n  can  be  summed up i n  t h e  f o l l o w i n g  coding 
i n s t r u c t i o n s :  
C I  1. For p a r t s ,  t h e  same name a s  a p p e a r s  on t h e  o r i g i n a l  
d e s c r i p t i o n  ( o r  a mnemonic t h e r e f o r )  shou ld  b e  used 
on t h e  diagram wherever p o s s i b l e .  
C I  2. To avo id  d u p l i c a t i o n  o f  names between e lements  on 
d i f f e r e n t  diagrams, a code may be used a s  a p r e f i x  
t o  t h e  name o f  a p a r t .  
C I  3. Any r a t i o n a l  system may be  used t o  a s s i g n  names t o  
e lements  which a r e  subsystems, sub-subsystems, or 
convenience b l o c k s .  These names shou ld  be  c a r e f u l l y  
recorded  on t h e  diagrams on which such e lements  appea r .  
Any c o n t i n u i n g  p o l i c y  concern ing  such nomenclature  
should be documented. 
C I  4. Convenience b locks  a r e  coded a s  f o l l o w s :  
( a )  For t h o s e  b locks  which c o n t a i n  element  names, 
adding  a "+" t o  t he  element  name on i t s  f i rs t  
appearance and a on subsequent  u s e s  of t h e  
b lock .  
For t h o s e  convenience b l o c k s  which r e p r e s e n t  
b ranches  n o t  t e r m i n a t i n g  i n  e lements ,  any conven- 
<h...+ ,..m,. m - r r  L,. . ."-A rnh,. 1-4-C-n 11P11 m..r.+ en-....- 
i n  t h e  upper  l e f t - h a n d  c o r n e r  of t h e  block.  
The t e r m i n a l  b lock  of each  diagram w i l l  c o n t a i n  
a name f o r  the system mode diagramed. No s p e c i a l  
code need be added t o  t h i s  name. 
by 
l l * l l  
( b )  
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( e )  
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4.2.2 Coding Opera t ing  Modes 
Element o p e r a t i n g  modes, too,  must be  e n t e r e d  i n t o  the b l o c k s  
of a r e l i a b i l i t y  diagram. 
b e s t  done by a mnemonic code, such a s :  
op f o r  "open" 
sh for ' ' shor t  I '  
l e  for ' ' leak" 
un for ' ' uns tab le"  
OK for "OK" 
OK for '!not OK" 
For elements which a r e  p a r t s ,  t h i s  i s  
- 
Blocks of t h e  type  cons idered  i n  C I  4 ( a ) ,  above, c a r r y  t h e  
o p e r a t i n g  code of the element named i n  the b lock .  
The o p e r a t i n g  modes o f  systems or subsystems w i l l  be  r e p r e -  
s e n t e d  by the t e r m i n a l  b l o c k s  of d i f f e r e n t  diagrams, and when t h e y  
a p p e a r  a s  e lements  i n  o t h e r  diagrams, the  i n d i c a t i o n  "OK" or '10I(" 
w i l l  s u f f i c e .  Convenience b locks  d e s c r i b e d  i n  C I  4 ( c ) ,  above, can  
b e  g i v e n  t h e i r  o p e r a t i n g  mode d e s i g n a t o r s  i n  t h i s  manner. 
Convenience b l o c k s  which do not cor respond t o  e lements  or sub- 
sys tems -- the  t y p e  r e f e r r e d  t o  i n  C I  4 ( b )  -- should  n o t  c a r r y  oper- 
a t i n g  modes, s i n c e  t h e i r  names will n e t  appea r  i n  t h e  model con- 
s t r u c t e d  from the  diagram. 
For r e a s o n s  e x p l a i n e d  i n  t h e  f o l l o w i n g  pa rag raphs ,  i t  i s  
important  t h a t  a l l  o p e r a t i n g  modes of  a l l  e l emen t s  on a diagram be 
recorded, and t h a t  a l i s t  o f  these modes be a t t a c h e d  t o  t h e  diagram. 
A form f o r  such a l i s t ,  which must be  completed f o r  each diagram, 
appea r s  a s  F i g u r e  4. The l a s t  two modes must always be and OK, 
i n  t h a t  o r d e r .  
1. Diagram f o r  
3. Operating modes: 
Mode Number 
' 
tt These are t h e  mnemonic codes used t o  i n d i c a t e  modes on 
This i s  t h e  name i n  t h e  l a s t  b lock  of t h e  diagram. 
t h e  blocks. 
FIGURE 4 
L I S T  OF OPERATING MODES 
I n  t h e  computer programs, each diagram b l o c k  i s  i d e n t i f i e d ,  
f i r s t ,  by a ser ies  o f  c h a r a c t e r s  r e p r e s e n t i n g  t h e  element  name, 
and then by a s u c c e s s i o n  o f  z e r o s  o r  11s which i n d i c a t e  t h e  oper-  
a t i n g  m o d e s  r e q u i r e d .  This t echn ique ,  i l l u s t r a t e d  i n  F i g u r e  5, 
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FIGURE 5 
REPRESENTATION OF DIAGRAM BLOCK IN COMPUTER 
r e d u c e s  t h e  r equ i r emen t s  f o r  computer s t o r a g e  memory b u t ,  because  
of the  use of  t h e  "Not  S l o t "  ( a s  exp la ined  on page 3 2 ) ,  r e s u l t s  
i n  a minor r e s t r i c t i o n  on the e a s e  of d e s i g n a t i n g  element  o p e r a t i n g  
modes. The remain ing  s l o t s  a r e  c a l l e d  the " t a g " .  Each o p e r a t i n g  
mode cor responds  t o  a p o s i t i o n  i n  t h i s  t a g ,  and i n  t h e  P a r t  3 
program the appearance  of a 1 i n  one of t h e s e  p o s i t i o n s  w i l l  cause 
t h e  program t o  look  up t h e  p r o b a b i l i t y  t h a t  t he  element i s  i n  t h i s  
mode i n  a p r o b a b i l i t y  t a b l e .  Only t h e  p o s i t i o n  i s  used i n  t h i s  
s e a r c h ;  t h e r e f o r e ,  a l l  t h e  p r o b a b i l i t i e s  -- f o r  example, t h a t  t h e  
d i f f e r e n t  e lements  a r e  " s h o r t "  -- must be found i n  t h e  same column 
of t h e  t a b l e .  EDP w i l l  conve r t  the  mode d e s c r i p t i o n s  i n  the b locks  
i n t o  a t a g ;  however, t o  do t h i s  p rope r ly ,  EDP must be  t o l d  how many 
modes t h e r e  a r e  and what p o s i t i o n  t o  g i v e  them i n  t h e  t a g s .  T h i s  
i s  t h e  f u n c t i o n  of t h e  form shown i n  F i g u r e  4. 
Opera t ing  modes can be i n d i c a t e d  on the b l o c k s  i n  two ways: 
by i n c l u s i o n  o r  by exc lus ion .  I n c l u s i o n  i s  used when a l l  t h e  modes 
which a l low s u c c e s s  of t h e  p a t h  a r e  shown. For  i n s t a n c e ,  i f  A i s  
a d iode  which performs i t s  f u n c t i o n  i n  a p a t h  provided  i t  conducts  
c u r r e n t ,  t h i s  s i t u a t i o n  can be shown a s  
A/OK, sh 
i n d i c a t i n g  t h a t  success  can be ob ta ined  i n  t h a t  p a t h  w i t h  A e i t h e r  
s h o r t e d  o r  working p e r f e c t l y .  
I f  "open" and " s h o r t "  a r e  the on ly  f a i l u r e  modes o f  i n t e r e s t  
f o r  t h i s  diode,  an  e q u i v a l e n t  s t a t emen t  would have been: 
"A must not open." 
When t h i s  v e r b a l i z a t i o n  i s  used, i t  can  be shown on t h e  b l o c k  a s  a n  
i n d i c a t i o n  by e x c l u s i o n .  To i n d i c a t e  a n  excluded mode, one draws a 
b a r  over t he  name of  the  mode, t h u s ;  
A/op 
E i t h e r  way can be used, e n t i r e l y  a t  t h e  o p t i o n  o f  t h e  a n a l y s t ,  
b u t  i n  one b lock  on ly  one method can be  used. A s  an example, 
A/&, s h  
would not be a c c e p t a b l e .  
i n d i c a t e  t h e  method used, t h e  number 1 r e p r e s e n t i n g  e x c l u s i o n  and a 
z e r o  r e p r e s e n t i n g  i n c l u s i o n .  
The " k t  S l o t "  i n  F i g u r e  5 i s  used  t o  
Another p o i n t  of  d i f f e r e n c e  between e x c l u s i o n  and i n c l u s i o n  i s  
the  i n t e r p r e t a t i o n  t o  be  drawn when s e v e r a l  mode d e s i g n a t o r s  folloW 
t he  element name i n  t h e  b lock .  I f  two or more modes a p p e a r  w i t h o u t  
b a r s  ( i n c l u s i o n ) ,  t h i s  means t h a t  any one of t h e s e  modes w i l l  a l l o w  
s u c c e s s .  I f  s e v e r a l  mode names appear ,  each  w i t h  a b a r  ove r  i t  
( e x c l u s i o n ) ,  t h i s  i s  i n t e r p r e t e d  t o  mean t h a t  t h e  mentioned 
mod.es a r e  excluded.  These i n t e r p r e t a t i o n s  a r e  c o n s i s t e n t  w i t h  t he  
o p e r a t i o n s  of t h e  computer program. 
The above d i s c u s s i o n  can  be  summed up i n  t h e  f o l l o w i n g  coding  
i n s t r u c t i o n s .  
CI 5. 
CI 6. 
For each diagram, a l i s t  o f  o p e r a t i n g  modes must be  
prepared.  A d u p l i c a t e  shou ld  be made f o r  u s e  i n  p r e p -  
a r a t i o n  o f  the  f a i l u r e  i n f o r m a t i o n  t a b l e  t o  be d e s c r i b e d  
i n  S e c t i o n  4.3.2. 
The o p e r a t i n g  modes which a l l o w  s u c c e s s  t o  t h e  p a t h  i n  
which t h e  b lock  a p p e a r s  must be i n d i c a t e d  i n  t h e  b lock .  
E i t h e r  i n c l u s i o n  or e x c l u s i o n  may be used.  The mode 
i n d i c a t i o n  may e i t h e r  a p p e a r  under  t h e  element name or 
t o  t h e  r i g h t  of  i t  w i t h  a s l a s h  mark ( / )  s e p a r a t i n g  t h e  
name from t h e  mode i n d i c a t i o n .  The i n d i c a t o r s  f o r  d i f -  
f e r e n t  modes w i l l  be  s e p a r a t e d  by commas. 
I f  i n c l u s i o n  i s  used,  t h e  i n d i c a t o r s  of  a l l  a l lowed 
modes w i l l  appear  ( w i t h o u t  b a r s  o v e r  them) .  
- -  
If exclusion is used, the indicators of all prohibited 
modes will appear, each with a bar over it. 
CI 7. Convenience blocks corresponding to elements will carry 
the mode indication of the element. 
Convenience blocks not corresponding to elements will 
carry no mode indication; however, they will carry "C" 
in the upper left-hand corner. 
4.3 Preparing Listings 
The block diagram indicates which combinations of element 
operating modes are required for system success. From it, the 
Part 1 and Part 2 computer programs construct a model which 
expresses system success as a function of success of different 
combinations of elements in different modes. This function can 
be interpreted as an event, the occurrences of the element modes 
as elementary events. Under this interpretation the probability 
of' system success will be obtained by substituting in the output 
of the Part 2 program the probabilities that the elements are in the 
indicated modes. This is done in the Part 3 program. 
A two-stage process is used to substitute probabilities for 
the element modes in the model. First, the elements are assigned 
to element classes; then, failure-probability information is sup- 
plied to each class. If two elements are assigned to the same 
class, they will be given the same failure probability; therefore, 
even if the elements are actually the same, they must be assigned 
to different classes if they differ either in application factors 
or in operating time. 
For each of the two stages, a separate form must be completed 
by the analyst. These forms are described below. 
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4.3.1 Element Table 
The element t a b l e  i s  shown i n  F i g u r e  6.  It i s  a s imple l i s t i n g  
of elements  which a r e  mentioned on t h e  diagrams, and of  t h e  p a r t  
c l a s s  t o  which each element belongs.  
A s  many a s  f i v e  symbols may be used  t o  i d e n t i f y  t h e  p a r t  c l a s s .  
The assignment of names to t h e  p a r t  c l a s s e s  i s  e s s e n t i a l l y  a r b i t r a r y ;  
however, t h e  f o l l o w i n g  f o u r - p a r t  i n s t r u c t i o n  will h e l p  t o  keep t h e  
p r o c e s s  o r d e r l y .  
C I  9. ( a )  I f  i d e n t i c a l  p a r t s  d i f f e r  i n  a p p l i c a t i o n  f a c t o r s  
f o r  t h e  same mode, u s e  one symbol t o ' c o d e  t h e  
a p p l i c a t i o n  f a c t o r s .  
( b )  If i d e n t i c a l  p a r t s  a r e  used f o r  d i f f e r e n t  p e r i o d s  
of t ime, u s e  one symbol t o  code t h e  t ime p e r i o d s .  
( c )  Use t h e  remaining symbols ( 3  or 4) f o r  a mnemonic 
code o f  t h e  p a r t  c l a s s e s .  
( d )  For e lemen t s  which themselves  have diagrams, u s e  
diagram names wherever p o s s i b l e .  
Again, to avoid  d u p l i c a t i o n  of  e f f o r t  i t  i s  impor tan t  t h a t  
everyone concerned i n  t h e  a n a l y s i s  u s e  t h e  same code f o r  p a r t  
c l a s s e s .  The n e x t  i n s t r u c t i o n  i s ,  t h e r e f o r e :  
C I  10.  Use t h e  same p a r t - c l a s s  code throughout  t h e  system 
a n a l y s i s .  
The complet ion of t h e  element t a b l e  now proceeds  a s  f o l l o w s :  
(1) The b l o c k  
( a )  "System/subsystem D e s c r i p t i o n "  i s  completed w i t h  
t h e  full E n g l i s h  name of t h e  system or subsystem. 
"Diagram Name" r e f e r s  t o  t h e  name i n  t h e  l a s t  b l o c k  
of t h e  diagram. 
Page number and number of pages  i n  t h e  t a b l e  a r e  
e n t e r e d  i n  t h e  upper  r i g h t  c o r n e r .  
( b )  
( e )  
( d )  The number pf symbols used  f o r  t he  element  names i s  
e n t e r e d  i n  the "Lensth of Element Name" b lock .  
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The f i r s t ,  t h i r d ,  and f i f t h  columns a r e  completed from 
t h e  diagrams. The t h i r d  and f i f t h  columns a r e  used a s  
needed, and i f  a d d i t i o n a l  space i s  needed a second s h e e t  
i s  used. The i n f o r m a t i o n  d e s c r i b e d  under  (1) above, i s  
f irst  recorded  on the  second s h e e t .  Convenience b l o c k s  
which do n o t  correspond t o  e l emen t s  a r e  n o t  e n t e r e d  i n  
t h e  t a b l e .  
The number of e l emen t s  ( o t h e r  t h a n  convenience b l o c k s  
n o t  corresponding t o  e l e m e n t s )  i s  t h e n  counted,  b o t h  on 
t h e  diagram and i n  the t a b l e .  The numbers a r e  compared 
and, i f  t h e y  a g r e e ,  t h i s  number i s  e n t e r e d  i n t o  t h e  b l o c k  
"No. of Elements on Table" .  
The p a r t - c l a s s  i n f o r m a t i o n  i s  o b t a i n e d  from t h e  system 
d e s c r i p t i o n ,  and t h e  prear ranged  p a r t - c l a s s  code i s  
e n t e r e d  i n t o  columns 2 ,  4, and 6, a s  needed. 
On complet ion of  the  t a b l e  t h e  work i s  checked, p r e f e r -  
a b l y  w i t h  t h e  h e l p  of the second a n a l y s t  who checked t h e  
diagram, and the check b l o c k s  a r e  i n i t i a l l e d .  
4.3.2 F a i l u r e  I n f o r m a t i o n  Tab le  
f a i l u r e  i n f o r m a t i o n  t a b l e  i s  i l l u s t r a t e d  i n  F i g u r e  7. It 
i n f o r m a t i o n  t o  be used i n  computing,for  each  element  c l a s s ,  
t h e  p r o b a b i l i t y  t h a t  it w i l l  o p e r a t e  i n  a p a r t i c u l a r  mode a t  the  
end of  a p a r t i c u l a r  p e r i o d  of  t i m e .  
T h i s  i n f o r m a t i o n  can  be o b t a i n e d  i n  two ways: (1) d i r e c t l y ,  
perhaps  from p rev ious  computat ions;  or ( 2 )  i n  t he  form o f  f a i l u r e  
r a t e ,  time, and a p p l i c a t i o n  f a c t o r s .  The computer program r e a d s  
a code symbol, and, i n  t h e  f i r s t  c a s e ,  merely e n t e r s  t h e  p r o b a b i l i t y  
i n  a tab le ;  i n  t he  second c a s e ,  i t  e n t e r s  i n  the  t a b l e  t he  v a l u e  
of  
- AK1. . . Qt 
P = 1-e 
where A i s  t h e  f a i l u r e  r a t e ,  K 1  , .. ., Kn t h e  a p p l i c a t i o n  f a c t o r s ,  
and t the  time. 
(7) 
Frequen t ly ,  two diagrams will u s e  the same element  c l a s s e s ,  
excep t  perliapo for subsystems s u p p l y i n g  i n p u t s  to t h e  systems.  In 






c l a s s e s  t he  diagrams have i n  common, and to make up a second s h e e t  
f o r  t h e  element c l a s s e s  p e c u l i a r  t o  t h e  p a r t i c u l a r  diagram. The 
b lock  i n  F i g u r e  7 d e s i g n a t e d  "Use wi th  Table  Number i s  f o r  
i d e n t i f i c a t i o n  o f  the  t a b l e .  The number of t he  diagram f o r  which 
t h e  o r i g i n a l  t a b l e  was c o n s t r u c t e d  i s  i n s e r t e d  t h e r e ,  i f  t he  s h e e t  
c o n t a i n s  on ly  those  c l a s s e s  not found i n  t h a t  t a b l e .  
The form i n  which t h e  numbers a r e  t o  be  e n t e r e d  i n  the t a b l e  i s  
a s o - c a l l e d  f l o a t i n g  p o i n t  form. Any number, P, c an  be e x p r e s s e d  
a s  a f r a c t i o n  0.a times a power of t e n  
a 2  a3 a 4  a5 a6 a7 a8 
P = + o .  
where a, # 0. The number i s  t h e n  e n t e r e d  a s  
- + k 
a2  a3 a4 a5 a7 a8 n2 + -  
A s  a n  example, 0.00397 would appear  a s  3970000002, and -397 would 
appear  a s  3970000603. 
T h i s  f o r m  i s  used i n  t a b l e s  which form a n  i n p u t  t o  the  computer 
program, because i t  u s e s  e x a c t l y  t e n  d i g i t s  f o r  each number. For 
e a s e  o f  r ead ing ,  t h e  computer o u t p u t s  u s e  a s l i g h t l y  d i f f e r e n t  form 
of t h e  f l o a t i n g  p o i n t  n o t a t i o n .  It i s  a s  f o l l o w s :  
( - )  a, a 2  a 3  a 4  a, a6 a, E(--) n, n 2  
Only minus s i g n s  a r e  p r i n t e d ;  t h e r e f o r e ,  t he  two numbers i n  the 
above example, i f  t hey  were machine o u t p u t s ,  would appear  a s  
.39700000 E-02 and -.39700000 E 03, r e s p e c t i v e l y .  
A t  most, e i g h t  s i g n i f i c a n t  f i g u r e s  can  b e  c a r r i e d .  The f i n a l  
z e r o s  need n o t  b e  e n t e r e d  i n  t h e  t a b l e ,  b u t  t h e y  w i l l  be punched. 
I n s t r u c t i o n s  for complet ing t h e  t a b l e  now f o l l o w :  
(1) ( a )  "System/Subsystem D e s c r i p t i o n "  i s  completed w i t h  t h e  
f u l l  E n g l i s h  name of  t h e  system o r  subsystem. 
a second or t h i r d  s h e e t  of a t a b l e  p r e v i o u s l y  made. 
I n  t h e  l a t t e r  ca se ,  t h e  diagram name s e e  ( e ) ,  below 
of t h e  p r e v i o u s  t a b l e  i s  e n t e r e d  h e r e .  
( b )  "Use wi th  Table No. i s  l e f t  b l a n k  u n l e s s  t h i s  i s  
( c )  "Diaprarii Naiiic" rci 'er; to t h e  name i n  the l a s t  b l o c k  
of lhc  il L a L , i b a n i .  
3 :' 
( d )  "p. of I' i s  completed as r e q u i r e d .  
( 2 )  The operating-mode d i c t i o n a r y  i s  completed from t h e  
d u p l i c a t e  copy of  the list of  o p e r a t i n g  modes. The 
o r d e r  of the modes must be t h e  same as on t ha t  l i s t .  
columns a r e  f i l l e d  o u t  as follows: 
Element Class - the name o f  the  element c l a s s  as it 
appea r s  on the eieineiit  st <~igurz 6) 
Mode No. - f o r  each  element c l a s s  t h e  numbers of 
the modes i n  which i t  can o p e r a t e  are l i s t e d  i n  
o r d e r ,  i n  columnar form. 
P b l a n k  - i f  t h e  in fo rma t ion  i s  a f a i l u r e  p r o b a b i l i t y ,  
a "P" i s  e n t e r e d  i n  t h i s  column; i f  a ra te ,  the column 
i s  l e f t  blank.  
P robab i l i t y /Ra te  - t h e  p r o b a b i l i t y  o r  ra te  i s  e n t e r e d  
here, i n  f l o a t i n g  p o i n t  n o t a t i o n .  
K,, ..., K, - a p p l i c a t i o n  f a c t o r s  i n  f l o a t i n g  p o i n t  
n o t a t i o n  [needed  if ( d )  i s  a r a t e ]  
t - t h e  t h e  d u r i n g  which t h e  p a r t - c l a s s  i s  r e q u i r e d ,  
i n  f l o a t i n g  p o i n t  n o t a t i o n  [needed if ( d )  i s  a r a t e ]  
completed form i s  checked a g a i n s t  t h e  element  l i s t  
for completeness,  and a g a i n s t  t h e  o r i g i n a l  i n f o r m a t i o n  
for accuracy  o f  t h e  numbers e n t e r e d .  If a t  a l l  p o s s i b l e ,  
a second a n a l y s t  i s  employed to h e l p  w i t h  the  checking .  
The check b locks  a r e  i n i t i a l e d  as  t h e  checks are made. 
4.4 Cons t ruc t ing  R e l i a b i l i t y  Diagrams 
4.4.1 Genera l  Discuss ion  and Terminology 
A s  i n d i c a t e d  i n  S e c t i o n  4.1.3, t h e  r a t i o n a l e  unde r ly ing  the 
CRAM r u l e s  f o r  c o n s t r u c t i n g  diagrams i s  t h a t ,  when CRAM a p p l i e s ,  a 
s t e p - b y - s t e p  system a n a l y s i s  becomes p o s s i b l e ,  and t ha t  such a s t e p -  
b y - s t e p  procedure  i s  an e f f i c i e n t  format f o r  t h e  systems a n a l y s i s .  
The a n a l y s i s  s tar ts  w i t h  t h e  f i n a l  o u t p u t s  of the system, which 
are  r e q u i r e d  f o r  ''system s u c c e s s "  a s  d e f i n e d  f o r  t h e  system o p e r a t i n g  
mode b e i n g  diagramed. For un i fo rmi ty ,  t h e s e  o u t p u t s  a r e  connected 
by l i n e s  to a t e r m i n a l  convenience b lock ,  which c o n t a i n s  t h e  name 
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of  the  system be ing  diagramed. How these connec t ing  l i n e s  a r e  
drawn w i l l  be d i s c u s s e d  p r e s e n t l y .  
A s  t he  a n a l y s t  works from the  f i n a l  system o u t p u t s  back toward 
the  i n p u t ,  t h e  same two q u e s t i o n s  r e c u r  concern ing  each element 
( excep t  i n p u t  b l o c k s ,  for which on ly  t h e  f i r s t  q u e s t i o n  a p p l i e s ) :  
( a )  
( b )  
What o p e r a t i n g  modes of  t h i s  element a l l o w  it  t o  perform 
i t s  f u n c t i o n ?  
What combination of i n p u t s  i s  r e q u i r e d  t o  a l l o w  t h i s  
e lement ,  i n  t h e s e  modes, t o  perform i t s  f u n c t i o n ?  
Two or more o p e r a t i n g  modes o f  a n  element which r e q u i r e  the  
same i n p u t s  may be combined i n  one b lock ,  i n  the  manner d i s c u s s e d  i n  
S e c t i o n  4.2.2.  If d i f f e r e n t  element o p e r a t i n g  modes r e q u i r e  
d i f f e r e n t  combinations o f  i n p u t s ,  t h e y  must be  r e p r e s e n t e d  by 
s e p a r a t e  b locks  on the  diagram. 
t i e s  i s  shown i n  F igu re  8.  
An example of  t h e s e  two p o s s i b i l i -  




C o i l  
- 
Contact  s 
OK 
Inpu t  
C o n t a c t s  
( a )  One branch ( b )  Two branches  
FIGURE 8 
BRANCHING FOR OPERATING MODES OF A N  ELEMENT 
P a r t  ( a )  of F i g u r e  8 r e p r e s e n t s  a d iode  whose f u n c t i o n  i s  t o  
P a r t  ( b )  of F i g u r e  8 r e p r e s e n t s  a 
p a s s  a c u r r e n t .  
f e c t l y  and when i t  i s  s h o r t e d .  
p a i r  of normally open r e l a y  c o n t a c t s  which a l s o  have t h e  f u n c t i o n  Of 
t r a n s m i t t i n g  a c u r r e n t .  
It performs t h a t  f u n c t i o n  b o t h  when i t  works p e r -  
I f  t h e  c o n t a c t s  have f a i l e d  s h o r t ,  t h i s  
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f u n c t i o n  w i l l  be performed without  f u r t h e r  c o n d i t i o n s ;  i f  t he  c o n t a c t s  
have not  f a i l e d ,  t h e y  can  be a c t i v a t e d  only i f  t h e  r e l a y  c o i l  func- 
t i o n s .  The diagram t h e r e f o r e  must show two branches  -- one f o r  each 
o p e r a t i n g  mode o f  t he  c o n t a c t s  which a l l o w s  s u c c e s s .  
The symbol @ i n  F i g u r e  8 ( b )  i s  one o f  t he  symbols used t o  
r e p r e s e n t  t y p e s  of  connec t ions  between b l o c k s .  A h y p o t h e t i c a l  
example w i l l  be used t o  e x p l a i n  t h i s  symbolism. 
Suppose t h r e e  elements ,  2, b, and - e ,  p r o v i d e  i n p u t s  t o  a fourth 
element ,  - d,  and suppose,  f o r  s i m p l i c i t y ,  t h a t  each  of the e l emen t s  
has o n l y  one c o r r e c t  o p e r a t i n g  mode. On t h e  r e l i a b i l i t y  diagram, A 
i n d i c a t e s  t h a t  a o p e r a t e s  c o r r e c t l y .  D* i n d i c a t e s  t h a t  d h a s  n o t  
f a i l e d  and t h a t  enough i n p u t s  a r e  a v a i l a b l e  t o  a l l o w  d t o  f u n c t i o n .  
Various i n p u t  requi rements  are p o s s i b l e :  
- - 
- 
( a )  I n  a ser ies  system, a ,  b, and c are  a l l  r e q u i r e d  f o r  d - - - 
t o  o p e r a t e .  Th i s  s i t u a t i o n  can be expressed  i n  a formula as  
D* = D and ( A  - -  and B and C ) ( 8 )  
( b )  Another p o s s i b i l i t y  i s  t h a t  g and b are  i n  p a r a l l e l ,  and e - -
i s  always r e q u i r e d .  T h i s  may be expressed as 
D* = D g-& [(A - or B) - and C 3 ( 9 )  
( e )  A t h i r d  p o s s i b i l i t y  i s  t h a t  - c i s  used as a n  i n p u t ,  b u t  i f  
c f a i l s  the  system i s  manually switched t o  use  b o t h  a and b .  To 
e x p r e s s  t h i s  w e  u se  t o  i n d i c a t e  t h a t  c h a s  f a i l e d ,  and t h e  formula 
becomes: 
- - - 
-
D* = D and [C 011 - and ( A  - and B ) ]  (10) 
( d )  A f o u r t h  p o s s i b i l i t y  i s  t h a t  any two of the  t h r e e  i n p u t s  
s u f f i c e .  "he mathematical  e x p r e s s i o n  i s :  
D* = D and [ ( A  - and B )  - o r  (A e C )  (Band C)] (11) 
Symbols are  used on t h e  diagram t o  i n d i c a t e  which l o g i c a l  com- 
b i n a t i o n  i s  needed. An i l l u s t r a t i o n  i s  g iven  i n  F i g u r e  9 ,  where 
p a r t s  ( a ) ,  ( b ) ,  ( e ) ,  ( d ) ,  and (e) r e f e r ,  r e s p e c t i v e l y ,  t o  t he  c a s e s  
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( a )  a s t r a i g h t - l i n e  connec t ion  to r e p r e s e n t  "and!' 
( b )  a c i r c l e  to r e p r e s e n t  t h e  i n c l u s i v e  "or', - i .e . ,  e i t h e r  
-
branch  l e a d i n g  i n t o  t h e  c i r c l e ,  or b o t h  of t he  branches  
t o g e t h e r ,  w i l l  meet t h e  requirement  
a c i r c l e  e n c l o s i n g  an  x t o  r e p r e s e n t  t he  e x c l u s i v e  "or", - 
i .e . ,  e i t h e r  branch w i l l  a l low s u c c e s s ,  b u t  t h e  two 
branches  cannot  occur  t o g e t h e r  
( e )  
Care must be used i n  t h e  placement o f  t h e  symbols. For 
i n s t a n c e ,  i n  F igu re  g ( b )  the branch from C j o i n s  the branch  from 
( A  - o r  B )  below the c i r c l e .  
Equat ion  9. If the branch from C were brought  i n  above the j u n c t i o n  
of  t h e  b ranches ,  th rough A and through B, t h e  r e s u l t  would be 
F igu re  g ( e ) ,  t h e  formula f o r  which I s :  
This r e l a t i o n s h i p  i s  r e p r e s e n t e d  i n  
D* = D and [A - or (B - and C ) ]  (12) 
T h i s  e q u a t i o n  i s  Equat ion  9 w i t h  t h e  r o l e s  of A and C i n t e rchanged .  
The form of n o t a t i o n  desc r ibed  above may a t  f irst  seem 
u n f a m i l i a r  b u t  i t s  u t i l i t y  w i l l  soon become a p p a r e n t .  I t s  main 
advantage i s  t h a t  the  diagram now g r a p h i c a l l y  d i s p l a y s  t h e  c o n d i t i o n s  
on i n p u t s  to t h e  e lements ;  no f u r t h e r  e x p l a n a t i o n  o r  f o o t n o t e s  are 
needed. 
For diagrams of s e r i e s - p a r a l l e l  systems,  n o t a t i o n  i s  a l l  t h a t  i s  
needed.  The r u l e s  for c o n s t r u c t i n g  t h e s e  diagrams fo l low i n  S e c t i o n  
4.4.2.  However, to conver t  diagrams of feedback  systems i n t o  t r e e  
diagrams,  some a d d i t i o n a l  d e f i n i t i o n s  and terminology a r e  needed. 
These w i l l  be g iven ,  t o g e t h e r  w i t h  the  r u l e s  f o r  making t h e  con- 
v e r s i o n ,  i n  S e c t i o n  4.4.3. 
4.4.2 Rules  for Const ruc t ing  R e l i a b i l i t y  Diagrams 
The r u l e s  i n  t h i s  s e c t i o n  w i l l  produce a r e l i a b i l i t y  diagram i n  
s t a n d a r d  form f o r  any s e r i e s - p a r a l l e l  system. For a feedback system, 
they  w i l l  produce a diagram t h a t  d i s p l a y s  t h i s  feedback,  which can 
t h e n  be reduced to s t a n d a r d  form by Rule 4 i n  S e c t i o n  4.4.3. 
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It i s  assumed t h a t  a system d e s c r i p t i o n  i s  a v a i l a b l e  t h a t  w i l l  
(1) Which system o u t p u t s  a re  needed f o r  s u c c e s s  of  t h e  
a l l o w  the  a n a l y s t  t o  answer t h e  fo l lowing  q u e s t i o n s :  
system, and which i n p u t s  t o  t h e  system a r e  n o t  p a r t  
of  t h e  system? 
For each element ,  which o p e r a t i n g  modes of t h e  element 
a l l o w  i t  t o  perform i t s  f u n c t i o n ;  and, f o r  each 
o p e r a t i n g  mode, which l o g i c a l  combination of  i n p u t s  i s  
needed t o  a l l o w  t h i s  element t o  perform i t s  f u n c t i o n  
while  o p e r a t i n g  i n  t h e  p a r t i c u l a r  mode i n d i c a t e d ?  (The 
i n p u t s  t o  a n  element a r e  e i t h e r  o u t p u t s  of i t s  immediate 
p r e d e c e s s o r s  or system i n p u t s . )  
(2) 
The r u l e s  a r e  a s  f o l l o w s :  
Rule 1. D r a w  a s i n g l e  t e r m i n a l  b lock  t o  r e p r e s e n t  system s u c c e s s .  
I t s  p r e d e c e s s o r s  a r e  t h e  elements  producing the  system 
o u t p u t s  needed, as  s p e c i f i e d  i n  q u e s t i o n  1, above. 
Rule 2.  S t a r t i n g  w i t h  t h e  t e r m i n a l  b lock ,  and c o n t i n u i n g  u n t i l  a l l  
t h e  system i n p u t s  a r e  reachcd,  perform t h e  f o l l o w i n g  s t e p s :  
S t e p  1. Above each b l o c k ,  draw b l o c k s  f o r  t he  immediate 
p r e d e c e s s o r  e l emen t s .  I f  d i f f e r e n t  o p e r a t i n g  
modes of these elements  lead t o  d i f f e r e n t  s u c c e s s  
p a t h s ,  draw s e p a r a t e  b l o c k s  f o r  these modes. If 
t h e s e  modes do n o t  l e a d  t o  d i f f e r e n t  p a t h s ,  
combine them i n  one b l o c k .  
S t e p  2. I n d i c a t e  g r a p h i c a l l y  what l o g i c a l  combination 
o f  i n p u t s  is r e q u i r e d  for t he  f u n c t i o n i n g  o f  each 
s e t  of element modes r e p r e s e n t e d  by a b l o c k .  
Use the  f o l l o w i n g  symbols 
@ for e x c l u s i v e  ' o r '  
0 f o r  i n c l u s i v e  'or' 
s t r a i g h t  l i n e s  f o r  ' a n d '  
For  a s e r i e s - p s r a l l e l  system, t h i s  p r o c e s s  w i l l  
t e r m i n a t e  when a l l  t h e  system i n p u t s  a re  r e a c h e d .  
For a feedback  systemt,  t h e  f o l l o w i n g  procedure 
i s  needed. 
t For d e f i n i t i o n ,  see S e c t i o n  4.4.3.  
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S t e p  3. D r a w  t h e  r e t u r n  p a t h s  of feedback  loops  i n  such 
a manner t h a t  each loop i s  shown on ly  once. 
U s e  t h e  l o g i c a l  n o t a t i o n  o f  S t e p  2 t o  show the 
connec t ions .  
The use  of convenience b l o c k s  i s  covered i n  Rule 3: 
Rule 3.  If B 5~alzch i s  to b e  r e p e a t e d  i n  t h e  diagram, one can 
( a )  i n s e r t  a "+" i n  t h e  l a s t  b lock  of the branch ,  or, 
( b )  
i f  there i s  no block,  
i n s e r t  a b l o c k  i n t o  t h e  branch and a t t a c h  a "+'I t o  
the name of t h i s  block, i f  the  branch  does n o t  
t e r m i n a t e  i n  a block; 
t h e n ,  i n s t e a d  of r e p e a t i n g  the whole branch ,  r e p e a t  on ly  
i t s  t e r m i n a l  b l o c k  w i t h  a "*" a t t a c h e d  to the  name of 
t h a t  b l o c k .  
Caut ion  
S t a r r e d  b l o c k s  must be drawn as i n p u t - b l o c k s .  
The s imple  example g iven  below i l l u s t r a t e s  t h e  use of Rules 1, 
2, and 3. F u r t h e r  examples a r e  given i n  S e c t i o n  4.6. 
EXAMPLE 
F o r  t h i s  i l l u s t r a t i o n ,  p a r t  of the c i r c u i t  of F i g u r e  15 i s  
employed a s  F i g u r e  lO(a). 
K42-2A, K42-2B, and K42-3A a r e  assumed p e r f e c t ,  and a r e  n o t  shown. 
A s i g n a l  must p a s s  from one o f  the p o s i t i v e  buses  8~11 o r  8~21 to 
t h e  l i n e  marked "To Engine Cutoff" .  The procedure  i s  a s  f o l l o w s :  
The r e l a y  c o i l s  of c o n t a c t s  K42-1A, 
(1) By Rule 1 a b lock ,  marked "906", i s  drawn t o  r e p r e s e n t  
( 2 )  
system s u c c e s s .  
A s i g n a l  can r each  go6 e i t h e r  from c o n t a c t  K42-2A or from 
c o n t a c t  K42-3A. D r a w  these b l o c k s .  To pe rmi t  the  s i g n a l  
to p a s s ,  it s u f f i c e s  t h a t  t h e  c o n t a c t s  n o t  be f a i l e d  i n  
t h e  open p o s i t i o n .  Thus t h e  mode i n d i c a t i o n  i s  ''GI' i n  
b o t h  b l o c k s .  This i s  S t e p  1 of Rule 2. 
E i t h e r  c o n t a c t  can pass t h e  s i g n a l ;  t h e r e f o r e ,  t h e o r n u s t  
be used. A t  t h i s  p o i n t  we have F i g u r e  1 0 ( b ) .  Next, we 
examine how the  s i g n a l  can r each  c o n t a c t  K42-2A. One pa th  
(3) D r a w  the connec t lons  between the  b l o c k s .  ( S t e p  2, Rule 2) 
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8Dll 8 D 2 1  
8 ~ 1 1  
OK 
I 
K 4 2 - 1 A  
O P  
- 
K 4 2 -  1 A  
K 4 2 - 2 A  
K 4 2 - 2 B  
O P  
- 
I 
C R 3 9  
sh 
I 
T T  
IGx 
I + 
K 4 2 - 2 B  - 8~11 
OK O P  
I I 
K 4 2 - 1 A +  - C R 3 9  
OP sh 
To Engine C u t o f f  
( a )  




K 4 2 - 2 B "  -  C R 3 9  
OP O P  
K 4 2 - 2 B  
K 4 2 - 3 A  
K 4 2 - 1 A  Q-P 
K 4 2 - 2 A  K 4 2 - 3 A  &I 
K 4 2 - 2 A  Fl K 4 2 - 3 A  GI 
( e )  
F I G U R E  10  
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i s  from c o n t a c t  K42-1A. If  t h e  d iode  h a s  s h o r t e d ,  
t h e r e  i s  a p a t h  through the d iode .  K42-1A must n o t  
have f a i l e d  open. 
( 4 )  D r a w  the p r e d e c e s s o r  elements t o  K42-1A (Rule 2,  S t e p  1). 
(5) D r a w  t he  connec t ions  (Rule 2,  S t e p  2 ) .  S ince  e i t h e r  p a t h  
w i l l  p a s s  a s i g n a l ,  t h e  0 must a g a i n  be used. T h i s  
p r o c e s s  r e su l t s  i n  F igu re  lO(c). 
We observe  t h a t  t h e  s i g n a l  pas ses  t o  c o n t a c t  K42-1A from bus 
8 ~ 1 1 ,  which must be  OK, and t o  diode C R 3 9  from c o n t a c t  K42-2BJ 
which must n o t  have f a i l e d  open. Contact K42-2B g e t s  i t s  c u r r e n t  
from bus 8 ~ 2 1 .  
1 
(6)  A l l  t h e  connec t ions  mentioned above are i n  s e r i e s .  The 
r e s u l t  of drawing t h e s e  b locks  and t h e i r  connec t ions  i s  
F i g u r e  1 0 ( d ) .  Examination of t h e  o t h e r  branch shows t h a t  
c o n t a c t  K42-3A g e t s  i t s  c u r r e n t  e i t h e r  from diode  CR39 
o r  from c o n t a c t  K42-2l3. The s i g n a l  p a s s e s  through e i the r  
p a t h ,  p rovided  t h e  element  has n o t  f a i l e d  open. 
D r a w  the p r e d e c e s s o r s  o f  K42-3A and t h e  connec t ions .  
Again, s i n c e  e i t h e r  p a t h  s u f f i c e s ,  t h e o m u s t  be used. 
(7 )  
F i n a l l y ,  w e  observe  t h a t  CR39 r e c e i v e s  c u r r e n t  from K42-1AJ which 
was p r e v i o u s l y  drawn. 
t h e  b l o c k  K42-1A/oYJ wi th  a "*", as a p r e d e c e s s o r  f o r  C R 3 9  i n  t h e  
r igh t -hand  branch .  
drawn b e f o r e ;  hence w e  i n s e r t  a "+'I  i n  t h e  b lock  on t h e  l e f t ,  and a 
l l *  I 1  
of u s i n g  Rule 3. The f i n a l  diagram i s  shown i n  F igu re  l O ( e ) .  
We p l a c e  a ' l + "  i n  t h i s  o r i g i n a l  b lock  and use  
S i m i l a r l y ,  t h e  branch  ending  i n  K42-2B/ 
i n  t h e  s i m i l a r l y  named b l o c k  on the r i g h t .  Th i s  i s  the  manner 
4.4.3 Feedback Systems 
4.4.3.1 I n t r o d u c t i o n  
I f  t h e  system t h a t  i s  be ing  ana lyzed  i s  a t r u e  feedback  system, 
t he  r e s u l t i n g  diagram w i l l  d i s p l a y  t h e  feedback .  It i s  q u i t e  p o s s i b l e  
t o  wr i te  t he  r e l i a b i l i t y  expres s ion  f o r  feedback  loops d i r e c t l y ;  
however, an easier way i s  t o  work from a s e q u e n t i a l  d i s p l a y ,  i . e . ,  
one i n  which each  element  h a s  a s i n g l e  s u c c e s s o r  and a unique set of 
immediate p r e d e c e s s o r s .  
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To obtain this simplification in the course of preparing the 
reliability expression, and also to display in sequential form the 
consequences of particular malfunctions, the feedback-type diagram 
must be converted to a sequential one. The conversion is achieved 
by R u l e  4. Before the rule is stated, however, it is necessary t o  
develop and define terminology that will give further insight into 
the reliability structure of feedback systems. 
4.4.3.2 Definitions 
As indicated previously, the analysis requires that, for each 
element, the immediate predecessor elements be known. One element 
is a predecessor of a second if it is either (1) an immediate 
predecessor or (2) an immediate predecessor of an element that is a 
predecessor of the second element. 
Definition 1 
Feedback occurs when, in a chain of elements, say A n ,  Al , . . . , 
An, A n ,  each element is its own predecessor. 
Definition 2 
A cycle is any group of elements, each of which is its own 
predecessor. A maximal cycle is a cycle to which no other 
element can be added without destroying the cyclic property. 
Since we shall remove maximal cycles only, we omit the word 
"maximal" when no confusion can arise. 
Definition 3 
A circuit is a cycle (not necessarily maximal) in which only 
one element is repeated. A circuit is the simplest kind of 
cycle. It consists of a group of elements in series, plus a 
lead from the last element back to the first. T ~ W O  circuits 
are distinct if at least one of them contains an element that 
is not in the other. 
, 
I 
D e f i n i t i o n  4 
An e n t r a n c e  to a c y c l e  i s  an  element  of t h e  c y c l e  t h a t  has  an 
immediate p r e d e c e s s o r  o u t s i d e  t h e  c y c l e .  
t h a t  h a s  an immediate s u c c e s s o r  o u t s i d e  t h e  c y c l e .  
An e x i t  i s  an element  
D e f i n i t i o n  5 
A path is 9 c h i i ~ !  of e l emen t s ,  each of  which i s  a n  immediate 
s u c c e s s o r  of t h e  p reced ing  one, and i n  which no element  i s  
r e p e a t e d .  
These d e f i n i t i o n s  are i l l u s t r a t e d  i n  F igu re  11. 
In 
A 0  
I 
( A 0 3  A L ,  A 2 ,  A S ,  A B ,  A s ,  A o >  A 1  
and ( A 2 3  A 3 9  A 6 9  A 7 9  A 2 1  are  
d i s t i n c t  c i r c u i t s .  The whole 
group i s  a (maximal) c y c l e .  
A. i s  an  e n t r a n c e .  
A3 i s  an  e x i t .  
(Ao ,  A l ,  A 2 ,  A3) i s  a p a t h .  
A 6  A 3  
L I 
.I 
I -  
Ou t  
FIGURE 11 
A FEEDBACK SYSTEM 
I 
4.4.3.3 The "Cutt ing" Opera t ion  
The purpose of t h e  r u l e s  i s  to conver t  a diagram l i k e  F igu re  11 
into a t r e e  diagram, i n  which t h e r e  i s  no feedback  b u t  which w i l l  
have  t h e  same r e l i a b i l i t y  expres s ion  for t h e  e x i t s .  To do t h i s ,  w e  
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L 
perform a n  o p e r a t i o n  on diagrams c a l l e d  " c u t t i n g " .  The r e s u l t  of 
c u t t i n g  t h e  diagram of F i g u r e  11 i s  d i s p l a y e d  i n  F i g u r e  12 .  
' - -  
1 m y  b l o c k  w i t h  
a r e l i a b i l i t y  
of 1 
A, H A, 1-1 I!, 0
2 
T R E E  D I A G R A M  OF F I G U R E  11 
Only c i r c u i t s  a r e  "cu t " .  The procedure  i s  e v i d e n t  from a 
comparison of F i g u r e s  11 and 12 .  It i s  s t a t ed  i n  D e f i n i t i o n  6 .  
D e f i n i t i o n  6 
C u t t i n g  a c i r c u i t  just b e f o r e  a c i r c u i t  element A c o n s i s t s  o f :  
w r i t i n g  the c i r c u i t  e lements  i n  sequence,  s t a r t i n g  w i t h  A ,  and 
r e p l a c i n g  the c i r c u i t  p r e d e c e s s o r  of  A ( t he re  i s  e x a c t l y  one of 
t h e s e )  by t h e  symbol 0, which r e p r e s e n t s  a dummy element  w i t h  
a r e l i a b i l i t y  of  1. All the  l o g i c a l  symbols a r e ,  of c o u r s e ,  
p reserved  i n  t h i s  o p e r a t i o n .  
The need f o r  t he  @ a r i s e s  because of t h e  need t o  p r e s e r v e  t h e  
l o g i c  symbols. (The a l t e r n a t i v e  t o  u s e  o f  t h e  @ would be t o  keep 
t r a c k  of t h e  l o g i c  symbols; thus t he  method d e s c r i b e d  h e r e  i s  easier  
t o  e x p l a i n ,  e a s i e r  to program, and eas i e r  t o  prove c o r r e c t . )  If t h e  
c i r c u i t  ( A o ,  AI, A2, A3,  A*, As, A , )  o f  F i g u r e  11 had a n o t h e r  i n p u t  
a t  A 4 ,  t h e  c i r c u i t  would appea r  as  i n  p a r t  ( a )  of F i g u r e  13. 
The r e s u l t  o f  c u t t i n g  t h e  one c i r c u i t  i s  shown i n  p a r t  ( b )  of 
F i g u r e  13, where t h e  "and" symbol preceding  A h a s  been p r e s e r v e d .  
In ' 
0; t o u t  
(a) C y c l i c  Diagram ( b )  With One C i r c u i t  Cut 
FIGURE 13 
A CYCLE WITH TWO INPUTS 
A s i g n i f i c a n t  p o i n t  i s  t h a t  the diagram o b t a i n e d  by c u t t i n g  
p r e s e r v e s  the  r e l i a b i l i t y  expres s ion  o f  the  l a s t  element preceding  
t h e  c u t ,  b u t  n o t  n e c e s s a r i l y  of any o t h e r .  The t r e e  diagram o b t a i n e d  
by  r e p e a t e d  c u t s  w i l l  y i e l d  t h e  p rope r  r e l i a b i l i t y  e x p r e s s i o n s  f o r  
t he  e x i t s ,  b u t  n o t  n e c e s s a r i l y  for any o t h e r  element i n  t h e  diagram. 
F o r  t h i s  r e a s o n ,  we s h a l l  always cu t  j u s t  a f t e r  a n  e x i t ,  e i t h e r  t o  
t h e  c y c l e  or t o  t h e  c i r c u i t  w e  are  c u t t i n g .  With t h i s  p r e p a r a t i o n ,  
w e  can  now s ta te  t h e  r u l e s  f o r  removing maximal c y c l e s  from c y c l i c  
diagrams. 
Rule  4. 
S t e p  1. I n  a maximal c y c l e ,  choose a n  e n t r a n c e ,  a n  e x i t ,  
and a p a t h  from t h e  e n t r a n c e  t o  t h e  e x i t .  
S t e p  2. Cut a l l  c i r c u i t s  t h a t  i n t e r s e c t  (have e l emen t s  i n  
common w i t h )  the chosen p a t h  j u s t  a f t e r  t he  
l a s t  element t h e y  share w i t h  t h e  p a t h .  
d i f f e r e n t  branches  of t h e  diagram o b t a i n e d  by 
S t e p s  1 and 2 (which i s  now a c y c l i c ) ,  draw them 
i n  s e p a r a t e l y  as  p r e d e c e s s o r s  each t i m e  t h e y  
a p p e a r .  
(maximal) c y c l e s .  
S t e p  3. If any c i r c u i t s  now a p p e a r  as p r e d e c e s s o r s  t o  
S t e p  4. Repeat S t e p s  1, 2, and 3 f o r  the remaining 
R u l e  4 i s  i l l u s t r a t e d  i n  F i g u r e  14 .  P a r t  ( a )  of t h i s  f i g u r e  
A. i s  the  e n t r a n c e  t o  t h e  c y c l e ,  and 
shows a f a i r l y  s imple  feedback diagram for which o n l y  t h e  f i r s t  two 
s t e p s  o f  R u l e  4 a r e  needed. 
A 3  i s  t h e  e x i t .  
(A2, A3, A6, A7, A2). F i r s t  a p a t h  i s  chosen from t h e  e n t r a n c e  ( A o )  
t o  the e x i t  (A3); A o ,  Al, A2, A 3  i s  a r a t h e r  obvious c h o i c e .  
F i g u r e  1 4 ( a )  t h i s  p a t h  i s  shaded, and t h e  c u t s  a r e  i n d i c a t e d  by x ' s .  
The c u t s  a r e  made j u s t  a f t e r  t he  p l a c e  where t h e  c y c l e s  l e a v e  t h e  
chosen path;  i n  t h i s  c a s e ,  between A 3  and A 4  for t h e  f i r s t  c y c l e  and 
between A 3  and A6 for t h e  second c y c l e .  
r e s u l t s  of making t h e  c u t s  a t  t h e  r e q u i r e d  p l a c e s ,  and,  s i n c e  t h i s  
diagram i s  f r e e  of c y c l e s ,  i t  i s  t h e  r e q u i r e d  t r e e  diagram i n  
s t anda rd  f o r m .  
The c i r c u i t s  a r e  (Ao, Al, A2, A3,  A 4 ,  As, A o )  and 
I n  
F i g u r e  1 4 ( b )  shows t h e  
4.5 Failure-Mcde-and-Effect A n a l y s i s  
A fa i lure-mode-and-ef fec t  a n a l y s i s  (FMEA) i s  a l i s t i n g  which 
d i s p l a y s  f o r  each element f a i l u r e  t h e  e f f e c t  on the system i f  the 
element f a i l s  i n  t h e  i n d i c a t e d  mode. Usual ly  t h e  p r o b a b i l i t y  of  
t h i s  occurrence i s  g i v e n  3 s  w c l l -  
I n  
o u t  
( a )  C y c l i c  Diagram 
= chosen  p a t h  
Q o u t  
AR-64-298 
( b )  A f t e r  S t e p  2 
( T r a n s  f o rmsti on C omp 1 e t ed ) x = p r o s p e c t i v e  c u t  
FIGZRE 14 
ILLUSTRATIONS OF RULE 4, STEPS 1 AND 2 
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The conven t iona l  FMEA ( c a l l e d  " f i r s t  o r d e r " )  i s  used to draw 
a t t e n t i o n  t o  t h e  s ing le-e lement  f a i l u r e s  :<Jhinh can cause  system 
f a i l u r e .  For a h i g h l y  redundant  system, hovever ,  i t  should  p rov ide  
in fo rma t ion ,  for example, on each p a i r  of f a i l u r e s  which can j o i n t l y  
f a i l  t h e  sys tem.  Th i s  t ype  i s  c a l l e d  a second-order  FMEA, and 
s imi l a r  d i s t i n c t i o n s  a r e  made depending on t h e  e x t e n t  of t h e  informa- 
t i o n  p rov ided .  
A secondary emphasis i n  an  FMEA i s  on p a r t  c h a r a c t e r i s t i c s .  
One q u e s t i o n  t h a t  i t  can answer i s :  "How many systpm f a i l u r e s  can 
o c c u r  due t o  d iode  s h o r t z ? "  The F M E A  can t h e n  be  used t o  o b t a i n  a n  
e s t i m a t e  of  t h e  i n c r e a s e  i n  system r e l i a b i l i t y  dhich would r e s u l t  
from a p o s s i b l e  i n c r e a s e  i n  p a r t  r e l i a b i l i t y  i n  a p a r t i c u l a r  mode. 
I n  a d d i t i o n ,  t h e  FMEA s u p p l i e z  in fo rma t ion  about  t h e  r e l a t i v e  
s e r i o u s n e s s  of d i f f e r e n t  f a i l u r e  modec of one p a r t  c l a s s .  
CRAM diagrams c o n t a i n  all t h e  in fo rma t ion  needed t o  c o n s t r u c t  
a n  FMEA. As a n  i l l u s t r a t i o n  assume t h a t  a l l  t h e  mode i n f o r m a t i o n  i n  
each  b lozk  i s  g iven  by e x c l u s i o n ,  e . g . ,  a s  op , or "E" ( f o r  " l e a k s " ) .  
Then each f a i l u r e  mode mentioned i n  each  b1o .k  w i l l  d i s a b l e  t h e  
b ranch  i n  which t h i s  b l o c k  a p p e a r s .  I f  t h e  i d c n t i c a l  e lement  
r eappea r s  as  d i f f e r e n t  b locks  i n  s e v e r a l  b ranches ,  a l l  t h e s e  b ranches  
w i l l  be  s imul t aneous ly  d i s a b l e d .  The f a i l u r e  mode w i l l  be  a system 
f a i l u r e  i f  no success  branch  remains .  
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A f i r s t - o r d e r  FMEA can be  o b t a i n e d  from a CRAM diagram i n  
two ways : 
(1) By a s e a r c h  o f  t h e  diagram f o r  a l l  the s e r i e s  e l emen t s .  
(The a n a l y s t  must remember t h a t  a n  element  may a p p e a r  3 s  a 
b l o c k  i n  s e v e r a l  d i f f e r e n t  b r a n c h e s .  ) 
( 2 )  By a s m a l l  computer program? t h a t  o p e r a t e s  on t h e  o u t p u t  
of  t h e  P a r t  1 computer program ( t h e  f o r m u l a ) .  Th i s  program 
e s s e n t i a l l y  " f a i l s "  each  element  i n  t u r n  i n  each  exc luded  
mode, obse rves  whether  o r  n o t  t h e  systern f a i l z ,  r e c o r d s  
t h e  f i n d i n q s ,  and ,  if t h e  system f a i l s ,  p r i n t s  t h e  prob-  
a b i l i t y  t h a t  t h e  f a l l u r e  w i l l  o c c u r .  
t This program i s  no t  a t  p r e c e n t  b e i n g  developed ,  s i n c c  the  n th-order  
Program r e f e r r e d  t o  below w i l l  perform t h e  same f u n c t i d n .  
For c o n s t r u c t i o n  of  a n  F M E A  which p r o v i d e s  more t h a n  a f i r s t -  
o r d e r  a n a l y s i s ,  a computer i s  a v i r t u a l  n e c e s s i t y  because of t he  
l a r g e  number of p a i r s  o r  t r i p l e t s  of f a i l u r e s  t h a t  can o c c u r  i n  a 
system of any complexi ty .  A computer program t h a t  w i l l  produce a n  
n th-order  F M E A  from t h e  o u t p u t  of t he  P a r t  1 CRAM computer program 
i s  c u r r e n t l y  b e i n g  developed.  However, because o f  t h e  g r e a t  number 
of p o s s i b l e  combinations o f  f a i l u r e s ,  a second-order  F M E A  w i l l  
probably be t h e  l i m i t  of t h e  pi-acticeble. The computer program w i l l  
s e r v e  p r i m a r i l y  t o  r e l i e v e  t h e  e n g i n e e r i n g  a n a l y s t  of  t h e  t a s k  of  
r e a r r a n g i n g  manually in fo rma t ion  which i s  a l r e a d y  i m p l i c i t  i n  t h e  
diagram. 
4.6 Examples of the App l i ca t ion  of CRAM 
T h i s  s e c t i o n  w i l l  g i v e  d e t a i l e d  examples of  t h e  a p p l i c a t i o n  of 
t he  CRAM method t o  the p o i n t  where the a n a l y s t  has completed the 
"package" of  i n f o r m a t i o n  needed for t h e  computer.  
4.6.1 A S e r i e s - P a r a l l e l  System 
A t y p i c a l  redundant  c i r c u i t ,  which has t h e  f u n c t i o n  of manual ly  
g e n e r a t i n g  a n  engine cu to f f  s i g n a l ,  i s  used f o r  t h i s  example. The 
c i r c u i t ,  which i s  t r i g g e r e d  by a redundant swi t ch ,  has  as components: 
r e l a y s  K42-1, K42-2, and K42-3, s e v e r a l  power buses ,  two r e s i s t o r s ,  
and two d i o d e  r e c t i f i e r s .  F igu re  15 i s  a schematic  diagram of  t h e  
c i r c u i t .  
When t h e  s w i t c h  i s  c l o s e d ,  a s  shown i n  t h e  schematic ,  the  c o i l s  
cf r e l a y s  K42-1, K42-2, and K42-3 a re  e n e r g i z e d  from t h e  +8~91, 
+8D92, and +8D93 buses ,  r e s p e c t i v e l y .  The normally open c o n t a c t s  of 
these r e l a y s  a re  c l o s e d ,  and a vo l t age  from t he  +8~11 and +8~21 b u s e s  
can  f low t o  t h e  v e h i c l e  engine-cutoff  c i r c u i t .  When t h e  s w i t c h  i s  
opened, t h e  c o i l s  are  de-energized,  and t h e  c o n t a c t s  open s o  t h a t  no 
c u r r e n t  can  f low t o  the  v e h i c l e  engine-cutof f  c i r c u i t .  
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SCHEMATIC DIAGRAM OF AN E N G I N E  C U T O F F  C I R C U I T  
T h e - c o n t a c t s  of t h e  r e l a y s  a r e  a r r anged  i n  a two-out -of - three  
v o t i n g  c i r c u i t .  I f  one p o l e  o f  t he  swi tch  i s  open, one c o i l  w i l l  n o t  
be ene rg ized .  I f  r e l a y  K42-1 i s  not ene rg ized ,  c u r r e n t  w i l l  f low 
through t h e  c o n t a c t s  of K42-2B and K42-3A on the r i g h t  s ide  and com- 
p l e t e  t h e  c i r c u i t .  If K42-2 i s  not  ene rg ized ,  c u r r e n t  w i l l  f low 
th rough  the K42-1A c o n t a c t s ,  the diode, and the K42-3A c o n t a c t s ,  com- 
p l e t i n g  the c i r c u i t .  
th rough the K42-1A and K42-2A c o n t a c t s  on the l e f t  s i d e J  c C m p l C t l i i g  
one p o l e  of the swi t ch  c l o s i n g ,  o r  by a s h o r t  i n  t h e  c i r c u i t  t h a t  
e n e r g i z e s  t h e  c o i l s  -- c u r r e n t  w i l l  n o t  f low through t h e  c i r c u i t .  
The re fo re ,  on ly  two of the t h r e e  r e l a y s  must o p e r a t e  c o r r e c t l y  t o  
pe rmi t  p r o p e r  o p e r a t i o n  of t he  c i r c u i t ,  assuming t h a t  d iode  CR039 
h a s  n o t  f a i l e d .  I f  any one c o n t a c t  f a i l s ,  wi th  no o t h e r  f a i l u r e  
o c c u r r i n g ,  t h e  c i r c u i t  w i l l  n o t  f a i l .  
I f  K42-3 i s  n o t  ene rg ized ,  c u r r e n t  w i l l  f l o w  
fhn L L L ~ ~ ~ ~ ~ .  S i m i l a r l y , i f  any one c o i l  i s  e n e r g i z e d  f a l s e l y  -- by 
Two buses,  +8~11 and 4021, supply a p o s i t i v e  v o l t a g e  to t h e  
c o n t a c t  c i r c u i t  th rough i s o l a t i n g  r e s i s t o r s  and d iodes .  If one bus 
f a i l s ,  t h e  o t h e r  bus  w i l l  supply  the r e q u i r e d  v o l t a g e .  
The r e l i a b i l i t y  diagram f o r  t h i s  c i r c u i t  i s  shown i n  F igu re  16, 
which r e p r e s e n t s  t h e  conduc t ion  of c u r r e n t  t o  t h e  v e h i c l e  engine-  
c u t o f f  c i r c u i t  when the  swi t ch  i s  c losed .  T h i s  c o n d i t i o n  may be 
d e s i g n a t e d  t h e  " c o r r e c t  s i g n a l "  c a s e  -- i . e . ,  a s i g n a l  i s  produced 
i n  the eng ine  c u t o f f  c i r c u i t  when necessa ry  (when the swi t ch  i s  
c l o s e d ) .  
t h e  " c o r r e c t  s i g n a l "  case ,  i .e. ,  when swi t ches  043, 044, and 045 
a r e  i n t e n t i o n a l l y  c l o s e d  t o  e n e r g i z e  r e l a y  c o i l s  K42-1, K42-2, and 
K42-3. The o u t p u t  of t h i s  c a s e  i s  a s i g n a l  ( d e s i g n a t e d  906), which 
i s  g e n e r a t e d  a t  t h e  bottom. 
can  be e a s i l y  c o n s t r u c t e d  from the  ou tpu t  backward. 
Hence, F i g u r e  16 r e p r e s e n t s  t h e  r e l i a b i l i t y  diagram f o r  
A s  o u t l i n e d  below, t h i s  t y p e  of diagram 
(1) The ou tpu t  has  been g iven  the name 906, which appea r s  a t  
t h e  bot tom of t h e  diagram. 
(2) A s i g n a l  can be produced a t  906 through e i t h e r  of t h e  
two c o n t a c t s ,  K42-2A o r  K42-3A. T h i s  dua l  p o s s i b i l i t y  i s  i n d i c a t e d  
by the  s m a l l  c i r c l e  j o i n i n g  t h e  two branches  l e a d i n g  i n t o  906. To 
o b t a i n  t he  s i g n a l ,  t h e  c o n t a c t s  must not have f a i l e d  open. How- 
e v e r ,  t h e r e  a r e  two p o s s i b i l i t i e s  f o r  c o n t a c t  K42-2A: I f  t h e  con- 
t a c t  h a s  f a i l e d  s h o r t ,  c u r r e n t  can f l o w  f rom t h e  bus 8~11, provided  
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F I G U R E  16 
R E L I A B I L I T Y  DIAGRAM O F  AN ENGINE C U T O F F  C I R C U I T  
. 
I 
t h e  o t h e r  e l emen t s  work; i f  t h e  c o n t a c t  h a s  n o t  f a i l e d  s h o r t ,  c o i l  
K42-2 must c p e r a t e  to c l o s e  t h e  c o n t a c t ,  and the  branch from 8D92 
to K42-2 i s  s t i l l  r e q u i r e d .  
(3)  C o i l  K42-2 o p e r a t e s  i f  the  c o i l  i s  n e i t h e r  open no r  s h o r t ,  
if the swi t ch  does n o t  f a i l  open, and i f  the  bus  8D92 p r o v i d e s  t he  
necessary  v o l t a g e .  T h i s  branch is drawn on the  l e f t  of the  diagram. 
The c o i l  K42-2 w i l l  b e  r e q u i r e d  a g a i n  -- t o  work the  o t h e r  c o n t a c t ;  
hence, w e  p u t  a "+" i n  the  block and l a t e r  w i i i  n ~ e ~ e l j -  r e p c a t  t h e  
block  name, adding a "*" (Rule R 3 ) .  T h i s  branch i s  i n d i c a t e d  by a 
dashed box marked "A" ( F i g u r e  16) .  
( 4 )  The c u r r e n t  th rough c o n t a c t  K42-2A a r r i v e s  from c o n t a c t  
K42-1A. The s i t u a t i o n  d e s c r i b e d  i n  ( 2 )  and ( 3 ) ,  above, a p p l i e s  t o  
t h i s  c o n t a c t ,  a l s o ,  producing the  p a r t  of  F i g u r e  15 i n  the  dashed 
box marked "B". (Note: - Since  t h i s  p a r t  of the  diagram r e p r e s e n t s  
on ly  the  c u r r e n t  f lowing  i n t o  K42-2A, i t  a p p l i e s  e q u a l l y  t o  t he  
b l o c k  K42-2A/sh. 
b l o c k  -- 911 -- and r e p e a t  t h i s  convenience b l o c k  above the K42-2A/sh 
block.  ) 
We t h e r e f o r e  g ive  i t  a name a s  a convenience 
(5 )  The c u r r e n t  flows i n t o  the c o n t a c t  K42-1A from d iode  CRO32 
or d i o d e  CR034,  and we draw t h i s  p a r t  of the  diagram, with the b u s e s  
above the  b l o c k  K42-1A/OK. The K42-1A/sh branch  r e c e i v e s  c u r r e n t  
the  same way; t h e r e f o r e ,  i f  we r e p r e s e n t  t h i s  p a r t  of  the diagram 
by a convenience b lock  ( 9 l 2 ) ,  w e  need o n l y  r e p e a t  the one b l o c k  
above t h e  K42-1A/sh box. T h i s  p a r t  i s  marked " C "  i n  F i g u r e  16. 
Thus f a r  we have drawn the  ways i n  which a s i g n a l  can  a r r i v e  
a t  905 through c o n t a c t  K42-2A. 
Cur ren t  can  r e a c h  c o n t a c t  K42-3A i n  two ways: 
t o  the  p a t h  a l r e a d y  drawn, through c o n t a c t  K42-2B; the o t h e r  i s  
through the  d i o d e  CR039 and the c o n t a c t  K42-1A. We s h a l l  draw t h i s  
l a t t e r  branch  f i rs t .  
one i s  analogous 
(6) C u r r e n t  f l ows  through c o n t a c t  K42-3A e i t h e r  i f  t he  c o n t a c t  
h a s  f a i l e d  s h o r t  or i f  i t  i s  OK, and the  c o i l  K42-3 opera tes  the  
c o n t a c t .  S i n c e  c u r r e n t  f lows i n t o  these two branches  i n  the  same 
way, w e  s h a l l  r e p r e s e n t  t he  flow by a convenience b lock  (913).  
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( 7 )  Cur ren t  a r r i v e s  a t  913 i n  one of  two ways: from c o n t a c t  
K42-2B o r  from d iode  C R 0 3 9 .  The l a t t e r  branch o b t a i n s  c u r r e n t  from 
c o n t a c t  Kh2-1Ay which i s  r e p r e s e n t e d  by convenience b lock  911 on t h e  
l e f t  s ide  of  t h e  diagram. 
(8) 
i t  i s  shorted,  from e i t h e r  of t h e  d i o d e s  CRO32 or C R 0 3 4  ( a l r e a d y  
d e s i g n a t e d  912) ;  o r  from t h e  same d i o d e s  i f  K42-2B i s  OK and i f  t h e  
c o i l  o p e r a t e s  t h e  c o n t a c t s .  
Cur ren t  can  f low through c o n t a c t  K42-2B i n  two ways: if 
S tep  8, above, concludes t h e  d e r i v a t i o n  of t h e  diagram. The 
b u s e s  and the  a c t i o n  of throwing t h e  swi t ch  a r e  n o t  cons idered  p a r t  
of t h e  system, and a r e  t h e r e f o r e  c rossha tched  on the  diagram. These 
elements  w i l l  n o t  appea r  i n  the  formula,  n o r  i n  t h e  element t a b l e .  
The element t a b l e  and p a r t  c l a s s  f a i l u r e  i n f o r m a t i o n  t a b l e  a p p e a r  
a s  F i g u r e s  l 7 ( a )  and l 7 ( b ) .  The l i s t  of o p e r a t i n g  modes i s  shown 
i n  a b b r e v i a t e d  form on t h e  i n s e t  i n  F i g u r e  16. 
The r e s i s t o r  i s  n o t  expec ted  t o  f a i l  s h o r t ;  i t  i s  t h e r e f o r e  
g i v e n  a f a i l u r e  p r o b a b i l i t y  of z e r o  i n  the  s h o r t  mode. For t he  
switches no f a i l u r e - r a t e  i n f o r m a t i o n  was a v a i l a b l e ,  b u t  a f a i l u r e  
p r o b a b i l i t y  was e s t i m a t e d  from t e s t s ,  and t h i s  a p p e a r s  i n  t h e  t a b l e .  
These t h r e e  l i n e s  have a P i n  t h e  t h i r d  column, t o  i n d i c a t e  t h a t  
t h e  numbers i n  the nex t  column a r e  p r o b a b i l i t i e s  and n o t  r a t e s .  
With t h e  complet ion and checking of t; se two t a b l e s ,  t he  
package which t h e  a n a l y s t  i s  r e s p o n s i b l e  f o r  i s  now complete.  I t s  
f u r t h e r  h i s t o r y  a p p e a r s  i n  S e c t i o n  5, where t h e  punching of  d a t a  
from this package i s  d i s c u s s e d .  
4.6.2 A Feedback C i r c u i t  
F igu re  1 8 ( a )  r e p r e s e n t s  p a r t  of a N a t i o n a l  Bureau o f  S t a n d a r d s  
des iEn for a f l i p - f l o p  c i r c u i t  which h a s  two s t a b l e  s t a t e s .  I n  one 
of  t h e s e  s t a t e s  t r a n s i s t o r  QOOl i s  conduct ing,  c a u s i n g  i t s  c o l l e c t o r  
v o l t a g e  ( a t  the  p o i n t  marked "0") t o  be v e r y  c l o s e  t o  0 (g round) ,  
s i n c e  the v o l t a g e  drop a c r o s s  the  t r a n s i s t o r  i s  v e r y  sma l l .  The 
c o l l e c t o r  v o l t a g e  of  Q O G 1  i s  a p p l i e d  through r e s i s t o r  ~006 t o  t he  
base  o f  t r a n s i s t o r  QoO2, p r e v e n t i n g  i t  from conduc t ing .  S i n c e  Q002 
i s  turned o f f ,  i t s  c o l l e c t o r  v o l t a g e  w i l l  approach t h e  -12 V from 
Go 
( a )  Element T a b l e  
Sys ten /Subsys tem I l e s c r i p t i o n  3 g i n e  Cut-off c i r c u i t  
I No. of Zlement s I 906 II on T a k l e  :lagram Name I 
Length  of 
Element ?Tame 
I I II I I I 
r a r t  “asses Checked ( i n i t i a l s )  
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t he  power supply which i s  a p p l i e d  through r e s i s t o r  ROO3. T h i s  
c o l l e c t o r  v o l t a g e  i s  a p p l i e d  through ROO2 to the  base  of  Q002 t o  
keep i t  i n  conduct ion.  
The o t h e r  s t a b l e  s t a t e  occur s  when Q002 i s  conduct ing and Q O O l  
i s  tu rned  o f f .  
Changing the  f l i p - f l o p  f r o m  one s t a b l e  s t a t e  to the  o t h e r  i s  
aceompl IsheCi by t ~ r z 5 z g  off t h c  t r ans i s to i .  nhici l  is conduct ing  ana 
a l lowing  the o t h e r  t r a n s i s t o r  t o  conduct. 
The i n p u t  p u l s e  changes t h e  s t a t e  of the  f l i p - f l o p  i n  the f o l -  
lowing way: 
If QOOl i s  conduct ing,  t h e  v o l t a g e  a t  i t s  c o l l e c t o r  w i l l  be 
a lmost  0 v, while the v o l t a g e  a t  t he  c o l l e c t o r  of QOO2 w i l l  be  
a lmost  -12 v .  There w i l l  be a smal l  nega t iv?  p o t e n t i a l  a t  t h e  base  
of QOO1, and a smal l  p o s i t i v e  p o t e n t i a l  a t  the  base o f  QOO2.  
The r e s i s t o r s  ROO8 a l d  ROO5 apply  the t r a n s i s t o r  c o l l e c t o r  
v o l t a g e s  t o  c a p a z i t o r s  COO3 a n d  COOh, 2Iid the  ilormal l e v e l  of' the  
i-nput s i g n a l  i s  -12 v, s3 t h e  volta;? a c ~ o s s  COO3 i s  : ~ ~ > ~ i t ~ t  12 v, 
sild The vo l t age  a c r o s s  COO4 i s  about  0 v. 
f o r e  be charged and c a p a c i t o r  COO4 w i l l  no t .  
Capac i to r  COO3 w i l l  there- 
A s  the  i n p u t  s i g n a l  i s  changed to 0 v, COO3 i s  d ischarged .  The 
new v o l t a g e  a c r o s s  COO3 i s  about  0 v, which w i l l  not a l low i t  to 
r e t a i n  i t s  charge.  The v o l t a g e  a t  the j u n c t i o n  between C O O 3  and 
C R O O l  becomes p o s i t i v e ,  s i n c e  i t  i s  about  12 v h i g h e r  t h a n  t h e  i n p u t  
s i g n a l .  Diode CROOl conducts ,caus ing  t h e  base  of  QOOl to become 
momentarily p o s i t i v e ,  c u t t i n g  it. o f f .  The c o l l e c t o r  v o l t a g e  of 
QOOl w i l l  now t u r n  Q002 on, a l lowing  the c o l l e c t o r  v o l t a g e  o f  Q002 
t o  h o l d  QOOl o f f .  
t he  f l i p - f l o p  when the i n p u t  s i g n a l  r e t u r n s  t o  -12 v. 
Diodes C R O O l  and CR002 preven t  any r e a c t i o n  of 
C a p a c i t o r s  C O O 1  and COO2 a c t  t c  dec rease  the  swi tch ing  t i m e  of 
t he  t r a n s i s t o r s  and a l low higher-frequency o p e r a t i o n  o f  t he  f l i p -  
f l o p .  
R e s i s t o r s  R391 and ROO4 supply  a p o s i t i v e  v o l t a g e  from the +12 v 
p3wer supply  to make s u r e  t h a t  t h e  t r a n s i s t o r s  w i l l  t u r n  o f f  a t  t h e  
p r o p e r  t i m e s .  
A f t e r  t h e  f l i p - f l o p  h a s  switched,  a second i n p u t  p u l s e  (from 
-12 v to 0 v )  w i l l  change t h e  f l i p  f l o p  back t o  i t s  o r i g i n a l  s t a t e .  
To draw t h e  r e l i a b i l i t y  diagram of t h e  c i r c u i t ,  i t  i s  f i r s t  
necessa ry  to s p e c i f y  t h e  o u t p u t  we want to c o n s i d e r .  T h i s  i s  chosen 
t o  be  the  o u t p u t  of t r a n s i s t o r  Q O O l ,  which i s  marked " 0 "  on the  
schematic .  
I n , a c c o r d a n c e  w i t h  t h e  r u l e s  g i v e n  i n  S e c t i o n  4.4.2, t h e  prede-  
c e s s o r  o f  t h e  o u t p u t ,  Q O O l ,  i s  added t o  the r e l i a b i l i t y  diagram. 
T h i s  t r a n s i s t o r  must f u n c t i o n  to e n a b l e  t h e  o u t p u t  t o  be s u c c e s s f u l .  
R e s i s t o r  R O O 7  and i t s  p r e d e c e s s o r ,  t h e  -12 v power supply,  a r e  
e s s e n t i a l  t o  t h e  o p e r a t i o n  of Q O O l  and a r e  t h e r e f o r e  shown on t h e  
diagram a s  i t s  p r e d e c e s s o r s .  Other p r e d e c e s s o r s  t o  Q O O l  a r e  C R 0 0 1 ,  
R 0 0 1 ,  R O O 2 ,  and C O O 1 ,  a l l  o f  which must work. 
3ne of  t h e  p r e d e c e s s o r s  of C R O O l  i s  R008, whose p r e d e c e s s o r  
i s  t h e  o u t p u t  "0". T h i s  r e l a t i o n s h i p  i s  shown on t h e  diagram a s  a 
feedback l o o p  from the o u t p u t  t o  C R 0 0 1 .  The o t h e r  p r e d e c e s s o r  of 
C R O O l  i s  C O O 3 ,  which i s  shown on t h e  diagram w i t h  the i n p u t  p u l s e  
a s  i t s  p redecesso r .  
The p r e d e c e s s o r  of  ROO1 i s  the  +12 v power supp ly .  The prede-  
c e s s o r s  o f  R O O 2  and C O O 1  a r e  R O O 3 ,  t h e  -12 v power supply,  and Q002. 
R O O 3  and t h e  -12 v power supp ly  a r e  a l s o  p r e d e c e s s o r s  of  Q002, a s  
a r e  C R O O 2 ,  R 0 0 4 ,  R 0 0 6 ,  and C 0 0 2 .  
ROO5, a p r e d e c e s s o r  of C R O O 2 ,  h a s  Q 0 0 2  a s  i t s  p r e d e c e s s o r ,  and 
i s  shown a s  a feedback loop from Q 0 0 2 .  The o t h e r  p r e d e c e s s o r s  O f  
C R O O 2  a r e  C O O 4  and t h e  i n p u t  p u l s e .  The p r e d e c e s s o r  of  ROO4 i s  t h e  
+12 v power supply.  For R O O 6  and C O O 2  the  p r e d e c e s s o r s  a r e  R007, 
t h e  -12 v power supply,  and Q O O l .  The p a t h  from Q O O 1  to ROO6 and 
C O O 2  f o r m s  a n o t h e r  feedback p a t h .  
F igu re  1 8 ( b )  i s  the  completed r e l i a b i l i t y  diagram. 
The f i n a l  r e l i a b i l i t y  diagram, F i g u r e  1 8 ( ~ ) ,  i s  o b t a i n e d  from 
F i g u r e  18(b) by " c u t t i n g "  t h e  t r e e  c i r c u i t s .  T h i s  p rocedure  is a 
s t r a i g h t f o r w a r d  a p p l i c a t i o n  of  S t e p s  1 and 2 of Rule 4 (Page 52)- 
The element t a b l e  and !?art c l a s s  f a i l u r e  i n f o r m 2 t i o n  t a b l e  a r e  
shown i n  F i g u r e s  l g ( a )  and 1 9 ( b ) ,  r e s p e c t i v e l y .  
64 
Diagram Name No. of Elements 16 Checked Output on Table ( i n i t i a l s )  
I1 I 
E l  emen t Class 
( a )  Element Table 
p - -  1 o f  1 
I 5 1) P a r t  Classes  Checked I Length of I Element Name ( i n i t i a l s )  
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FIGURE 19 ARW-36E 
TABLES FOR FEEDBACK C I R C U I T  (FLIP-FLOP) 
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4.7 Reading P r i n t o u t s  
4.7.1 Engineer ing  P r i n t o u t s  
A s  3 g e n e r a l  p r a c t i c e ,  t h e  P a r t  3 program w i l l  r e t u r n  one s e t  
of p r i n t o u t s  f o r  each r e l i a b i l i t y  diagram w i t h  i t s  accompanying s e t  
of t h r e e  l i s t s .  S i m i l a r  p r i n t o u t s  can be  o b t a i n e d  on p a r t s  o f  a 
diagram. I f  t h e  l a t t e r  a r e  d e s i r e d ,  t h e  a n a l y s t  must t e l l  t h e  EDP 
r e p r e s e n t a t i v e  which p a r t s  should be s e p a r a t e l y  p rocessed .  Such a 
s e p a r a t e  p r i n t o u t  must be complete i n  t h a t  i t  must show t h e  b a s i c  
i n p u t s ;  i . e . ,  i t  i s  n o t  p o s s i b l e  to t a k e  a p a r t  o u t  of  the middle 
of  a diagram wi thout  making a s e p a r a t e  diagram. 
The format  of a p r i n t o u t  i s  shown i n  F i g u r e  20, and a p a r t i a l  
r e p r o d u c t i o n  a p p e a r s  i n  F igu re  21. A p r i n t o u t  c o n t a i n s  t h e  fo l low-  
i n g  in fo rma t ion :  
( a )  The l i s t  of  e lements ,  w i t h  t h e  element c l a s s  t o  which 
( b )  A l i s t  of e lement  c l a s s e s ,  which l i s t s  f o r  each c l a s s  and 
each f a i l u r e  mode the p r o b a b i l i t y  of f a i l u r e  i n  t h a t  mode 
( e )  L i s t e d  i n  o r d e r ,  t h e  terms which make up t h e  expans ion  o f  
each element be longs  
t h e  formula.  
These terms have t h e  form 
where t h e  l e t t e r s  r e p r e s e n t  c o n d i t i o n s  t h a t  e l emen t s  
o p e r a t e  i n  c e r t a i n  modes. The p r i n t o u t  t h e n  l i s t s  t h e  
element names of  A ,  B, C,  and D i n  columnar form and 
shows f o r  each:  
(1) t h e  requi rements  on i t s  modes 
( 2 )  t h e  p r o b a b i l i t y  t h a t  each  requi rement  i s  met 
For each term, t h e  p r o b a b i l i t y  t h a t  t h e  c o n d i t i o n s  a r e  
a l l  met i s  p r i n t e d  w i t h  the s i g n  of t h e  term. That  i s ,  
i f  p i s  t h e  p r o b a b i l i t y  t h a t  a l l  c o n d i t i o n s  were m e t ,  t h e n  
f p  i s  p r i n t e d  i f  t h e  term had a + s i g n ,  -p i f  t h e  term was, 
f o r  example,-ABCD. T h i s  p r i n t o u t  -- a s  d e s c r i b e d  i n  ( e )  -- 
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PFFIYITIOYS OF E L F P F N T S  T O  P A K T  C L A S C E S  
P A R T  C L A C S  I O .  
R E S 1 5  
R T \ I C  
R E C I S  
R F Z I S  
R E S l S  
R E ' I  S 
R E S I S  
H E q I S  
C A P A C  
C A P A C  
C A P A C  
C A P A C  
0 I OOF 
o i n o E  
TnfiYs 
TRANS 
E L E H F N T  S Y M B O L  
R O O 1 0  
ROO20 
R O O 3 0  
R O O 4 0  
ROO50 
R O O 6 0  
R O O 7 0  
R U O t I O  
c o o l 0  
coo20  
C O O 3 0  
C O O 4 0  
C R O O L  
C R O O 2  
PO010 
90020 
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R E S I S  
R E S l S  
R E S l S  
R E S 1 5  
0 0  1 
002 
O K  
no3 
C A P A C  00 1 
C A P Z C  002 
C A P A C  003 
C A P A C  O K  
.53418607 E-05 OP 
SH .47?99998 E-07 
N G  .OOOOOOOO E 00 
.979?9461 E 00 
O P  .223Rl624 E-04 
SH . I3196241  E-05 
hG .oooooooo E 00 
.???9762? E 00 
0 I ODE 001 OP . 4 4 4 9 0 5 0 1  E - 0 5  
DIODE 002 SH .79901968 E-06 
0 I ODE 007 NG . O O O O O O O O  E 00 
n I OOE O K  .9999?475 E 00 
T R A N S  001  OP . I 1243355  E-03 
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T R A N S  n o  1 Y G  .oooooooo E 00 
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Q O O I O  
ucn70 
RonBn 
c c o 3 0  
C R O O l  
K O O l O  
co710 
3 C 3 3 C  
c c 7 4 0  
C R O 0 2  
RC040 
cc320  
R C ' 1 6 0  
C C O Z O  
R0020 
a c n 5 0  
uusr 
M U S T  
M U S T  
M l I S T  
i4 l lST 
M I 1 5 1  
M U S T  
C U S T  
M O S T  
U l l S T  
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Me a ning Computer Symbol 
L e f t  paren % 
Right  paren X 
( d )  The system p r o b a b i l i t y  of success  i s  p r i n t e d  s e p a r a t e l y .  
A l l  numbers a r e  p r i n t e d  i n  f l o a t i n g  p o i n t  form, which i s  
exp la ined  on page 38. 
& 
V 
I n  F i g u r e  21, f a i l u r e  mode 003, d e s i g n a t e d  "NG", i s  a "dummy" 
mode used to show the  p r o b a b i l i t y  t h a t  t h e  element  i s  n o t  i n  any 
of t h e  o t h e r  l i s t e d  modes. I n  t h i s  p r i n t o u t ,  modes 001, 002, and 
OK r e p r e s e n t  the v i i l y  ~ ; 2 s s 5 h l e  s t a t e s  ( i n s o f a r  a s  t h i s  p a r t i c u l a r  
a n a l y s i s  i s  concerned) .  
003 i s  zero .  
The re fo re  the p r o b a b i l i t y  f o r  f a i l u r e  mode 
"and" E 
I n c  1 u s  i ve or Y 
4.7.2 
I V 
I n t e r m e d i a t e  P r i n t o u t s  
 EX^ l u s i v e  I '  o r  Y 
An i n t e r m e d i a t e  p r i n t o u t ,  a v a i l a b l e  i n  t h e  ou tpu t  of t h e  P a r t  1 
computer program, p rov ides  a formula r e p r e s e n t i n g  t h e  c o n d i t i o n  f o r  
system success  a s  d e r i v e d  from t h e  diagram. 
t h e  sample p r i n t o u t s  were obta ined  u s e s  unconvent iona l  symbols f o r  
l o g i c a l  connec t ives  and pa ren theses .  These symbols a r e  l i s t e d  i n  
Table  1. 
The computer from which 
TABLE 1 
COMPUTER SYMBOLS FOR LOGICAL SIGNS 
The a n a l y s t  may f i n d  i t  u s e f u l  t o  rewrite the formula p r i n t e d  by the 
machine, u s i n g  conven t iona l  symbols. 
The formula i s  i n t e r p r e t e d  i n  t h e  u s u a l  manner, a s  exp la ined  i n  
the appendix.  An a n a l y s t  who i s  accustomed t o  r ead ing  such formulas  
i s  w e l l  a d v i s e d  t o  compare them w i t h  t h e  diagrams from which t h e y  
were ob ta ined ,  a s  an  a d d i t i o n a l  check on the accuracy  of t h e  diagram 
and of the t r a n s p o s i t i o n  t o  computer i n p u t s .  
As an o p t i o n ,  t h e  P a r t  1 program can p r i n t  out  p a r t i a l  fo rmulas ,  
and t h e s e ,  t o o ,  can s e r v e  as checks on p a r t  of  t h e  diagram. The 
p r i n c i p a l  va lue  of t h i s  f e a t u r e ,  however, i s  t o  p r o v i d e  two formulas  
from one diagram. Th i s  c a p a b i l i t y  i s  u s e f u l  i f  a p a r t  of  t h e  system 
shown on t h e  diagram i s  d u p l i c a t e d  e l sewhere ,  and a subsystem s u c c e s s  
p r o b a b i l i t y  i s  t h e r e f o r e  needed. 
Figure 22 shows, as  an i l l u s t r a t i o n ,  P a r t  1 p r i n t o u t s  f o r  t h e  
s e r i e s - p a r a l l e l  system (906 s i g n a l )  and t h e  feedback ( f l i p - f l o p )  
c i r c u i t  used as  examples i n  S e c t i o n s  4 . 6 . 1  and 4 . 6 . 2 .  I n  each 
i n s t a n c e ,  t h e  formula as  p r i n t e d  by t h e  machine i s  a l s o  shown con- 
v e r t e d  i n t o  convent iona l  symbols. A s  a s  a d d i t i o n a l  i l l u s t r a t i o n ,  
t h e  p r i n t o u t  for t h e  f l i p - f l o p  i n c l u d e s  t h e  o u t p u t  to t h e  P a r t  2 
program. 
I 
Formula f o r  System Sue-ess 
Formula printeii  by machine 
%?Z%044 11000tK422 C0001t?PZ%043 llOO0tK421 00001&7?R031 00COltCQ03211000 
rR033 O C 0 0 1 t C R 0 3 4 C C 0 0 1 ~ ~ ~ ~ ~ ~ K 4 7 l A O O O O l ~ ? X % R O 3 l  00001tCR03211000rS033 COOOl 
GCR03211000,R033 C 0 0 0 1 t C R 0 3 4 C C 0 0 1 ~ G ~ n & K 4 2 l A O O O O l ~ % ~ % R O 3 l  0 0 0 0 1 6 C R 0 3 ~ 1 1 0 0 0  
G?Z%%4%%043 llCOCEY421 0 0 0 0 1 t ~ X R C 3 1  C0001GCR03211C00~7033 0 0 C C l t C ~ 0 3 4 0 0 0 0 1  
~ ~ ~ ~ t K 4 2 1 A O O @ C l r ~ ? 5 H 0 ) 1  0000 tCR03211C00~R033 O 0 0 0 1 C ~ R 0 3400001~~~tK42lAOOlOO 
nuntC?C39110CCll%C44 11000tY423 03001t9PRC31 0 0 0 0 1 t C R 0 3 2 1 1 0 0 0 ~ R 0 3 3  C O O O l  
~ C S 0 3 4 0 G 0 C l ~ ~ n n t K 4 2 2 ~ C O O O l ~ ~ ~ ~ ~ O ~ ~  0 0 0 ~ 1 6 C R 0 3 2 1 1 0 0 0 ~ R 0 3 3  00001ECR0340C001 
’~C?3321100O,RC33 C 0 0 0 1 C C R 0 3 4 0 C 0 0 1 ~ ~ ~ ~ t K 4 2 1 4 0 0 0 0 1 1 t P q P 0 3 1  00001tCR03211000 
2 5 1 -a . ,~ v y I y .  y L  \ < , , 7 L d ~ ~ ,  I - U Y G R - . ~  ~ * v w i w w u ~ ~ b ~ K u  3 Y  I IUUU r.Xzor4 1 lUUUEK423 0 0 0 0 ~  
C”r1031 OC001&CRO?211000~9033 00001&CR034C0001~~~~&K422l300001~~%~~031 00001 
t C ~ 0 3 4 0 0 0 0 1 o o n t ~ 4 2 1 ~ ~ O l O O ~ n ~ n & ~ 4 2 2 ~ O O C O l , X ~ ~ ? P O 4 3  11030EK421 00001tPTPO31 00001 
, ~ 0 3 3  O C 0 0 1 t C ~ 0 3 4 ~ 0 0 @ 1 n n o C K 4 Z 1 4 0 0 1 C O ~ ~ ~ ~ ~ 4 2 2 A O O l O O , ? ~ C 4 5  ll@CPf.K423 ocooi 
n n n t K 4 2 7 R C 0 1 0 0 r n ~ c t K 4 2 3 A O O O O l , ? % ~ ~ ~ ~ ~ ~ O 4 3  11000GK421 00001&%%R031 00001 
nnn n , c c , n , , r n  n n . -I c I, I _. . . -- * ----- - - - - - -. - - - - 
tCqP32110C0.9C33 C 0 0 0 1 t C R 0 3 4 0 0 0 0 1 C ~ ~ & K 4 7 2 F 3 O O l O O ~ ~ ! a & K 4 2 3 A O O l O O ~ W  
Fcrr;ula zonverted t o  conventional symbols 
( a )  Se r i e s -Pa ra l l e l  System (906 Signal )  
Formula for System Success 
Formula pr in ted  by machine 
?Q01 Q0001E?9’3007 0 0 0 O l t % S R O O ~  COC01EC003 0 0 0 C l ~ ~ t C R C 3 1 0 0 0 0 1 & R O O l  OOJOl 
tCCCl CCCClFZZR003 0 0 0 0 1 ~ 9 ~ R 0 ~ 3  CCCOlC%?RCCS 000016C004 O O O O l ~ ~ & C R O O 2 O O O O l  
’ 7 C C 4  CCOClERCC7 COCOltCOO2 r)5COlEPOOt OCCClnot6002 OOOOlnnROO2 00031nn 
Fprmula converted t o  conventional symbols 
&1/OK & ((R?/OK & ( ( R ~ / o K  & C3/OK))  & CRl/OK & Rl/OK & Cl/OK & ( ( R 3  OK 
h ( (R3/OK & ( (R5/OK & &/OK)) & CR2/0K & R4/OK & R7/OK & C2/OK & R 4 0 K ) )  
% W / O K ) )  & R2/0K))  
Output t o  Part I1 
300  1 t ~ 0 0 1 0 0 0 0 0 1 R 0 0 7 0 0 0 0 0 l ~ O O ~ ~ 0 O O O l C O O 3 O C O O O l C ~ O O l O O O O l ~ O O l ~ ~ ~ O O ~ C O O l O O O O O l  
100 1 R 0 0 3 0 0 0 0 0 1 R 0 0 5 0 0 0 ~ 0 1 C 0 0 4 ~ 0 0 0 0 1 C ~ ~ O 7 0 0 0 0 1 ~ 0 0 4 0 0 ~ 0 0 1  
300 1 C002000001Q006000001Q002090001R~02000001 
( b )  Feedback Cl rcu l t  (Flip-Flop) 
F I G U R E  22 
PART 1 PRINTOUTS 
5. PREPARING COMPUTER INPUTS 
i 
5.1 Coding Diagrams 
The discussion of the work flow in CRAM (page 7) pointed out 
that the first computer program accepts the diagram and produces a 
formula. 
The computer program works serially. It constructs a formula 
step by step, adding to it on the basis of the last card it has read; 
it then reads the next card, representing the next block, and con- 
tinues making the formula. This process is possible only if the 
cards are so ordered that, when a block is reached, all the formulas 
for all the predecessors of this block are already available in the 
machine. One set of coding instructions will deal with this numbering 
of blocks. 
Again, if a block is one of  several predecessors to another, a 
formula for it must be constructed and stored while the formulas 
for the other predecessors are made. This formula must be coded. 
If a block has several predecessors, the formulas for these 
predecessors must be retrieved from storage, for use in making up 
the formula; this step must be coded into the card, since it is a 
special operation. Convenience blocks must be stored in a special 
place, and, if there is no element corresponding to them, care m u s t  
be taken to exclude the name of the convenience block from the 
formula. This exclusion must be coded in the card. Finally, input 
blocks are peculiar in that they have no predecessor, and this fact 
must be coded. The second set of instructions deals with the coding 
of information concerning blocks, such as that described above. 
A third set of instructions describes how to code the connections, 
i.e., which are the predecessors, and what logical function is 
required of them. In the same set, the coding of the element name and 
mode is described in 1-2-3 fashion (as explained in Section 4.2.2). 
73 
F i n a l l y ,  there  a re  s e v e r a l  o p t i o n s  concern ing  the  p r i n t o u t  of 
t he  program; these are  d e s c r i b e d  and coded i n  t he  f o u r t h  and l a s t  
s e t  of i n s t r u c t i o n s .  
The p r e p a r a t i o n  of i n p u t  c a r d s  i s  a t h r e e - s t a g e  p r o c e s s :  
(1) The diagram is marked w i t h  t h e  n e c e s s a r y  i n f o r m a t i o n ,  
which c o n s i s t s ,  for each b lock ,  of the  b l o c k  number 
and b l o c k  t y p e .  
( 2 )  The a u x i l i a r y  i n f o r m a t i o n  ( l e n g t h  of element  name, 
number of o p e r a t i n g  modes) i s  used t o  set the  fo rma t  
f o r  t h e  element code. 
( 3 )  Code sheets are prepared  from the  marked diagram, i n  
accordance w i t h  t he  fo rma t  d e s c r i b e d  i n  S e c t i o n  5.1.3. 
These t h r e e  s t a g e s  a r e  now d e s c r i b e d  i n  d e t a i l .  
5.1.1 Marking the  Diagram 
5.1.1.1 Numbering Blocks 
To conserve space  i n  t he  computer, and a l s o  t o  e n a b l e  the  pro-  
gram t o  work s e r i a l l y ,  a l l  b l o c k s  are  g i v e n  numbers, a s  shown i n  
F i g u r e  23. These are  a s s i g n e d  by the f o l l o w i n g  r u l e .  
Rule for Numbering Blocks 
(1) Block numbers c o n s i s t  of f o u r  p l a c e s ,  XXXX, s t a r t i n g  
w i t h  0001, and c o n t i n u i n g  i n  o r d e r .  
( 2 )  Convenience b l o c k s  c a r r y ,  i n  a d d i t i o n ,  a I t + ' '  punch o v e r  
t h e  h igh-order  p o s i t i o n ,  e . g . ,  0013, i f  b l o c k  number 13 
i s  a convenience b l o c k .  
+ 
(3)  The number 0001 i s  g i v e n  t o  t he  upper  l e f t - h a n d  i n p u t  
b l o c k .  
(4) If 0001 i s  the o n l y  I n p u t  t o  i t s  s u c c e s s o r ,  the  l a t t e r  
i s  g i v e n  t h e  number 0002; if i t  i s  n o t  the o n l y  i n p u t ,  
the  l e f t - m o s t  i n p u t  b l o c k  headi.ng t h e  n e x t  b r a n c h  t o  the 
r i g h t  i s  g i v e n  t h e  number 0002. 
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'7&-' 0014 ( c ) 
OK, s h  
OK, sh 
+q OK, s h  
L I 
I 
cg11 = Coi l  1 
C m A  = Contact A 
SIDF = S i l i c o n  diode F - 
op = Not open 
OK = Not open and not short  
A+ = Convenience block k 
A* = Use o f  convenience block A 
FIGURE 23 
TEST IV3LIABILITY DIAGGRAM FOR CRAM PART 1 
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(5 )  Continue i n  t h e  same f a s h i o n ,  always g i v i n g  the  n e x t  
number t o :  
( a )  a se r ies  s u c c e s s o r ,  i f  there  i s  one, o r  
( b )  t o  t he  l e f t - h a n d  t o p  element of the  n e x t  branch  
( e )  t o  the s u c c e s s o r ,  if a l l  i n p u t s  now have numbers. 
t o  the  r i g h t ,  if there  i s  one no t  y e t  numbered, o r  
The f i r s t  20 b l o c k s  on F i g u r e  23 have been marked ( a ) ,  ( b ) ,  or ( C ) ,  
depending on which of t h e  above c l a u s e s  a p p l i e d .  
5.1.1.2 Coding t h e  Block Types 
The d i f f e r e n t  b lock- types  which can  o c c u r  on a diagram, w i t h  
t h e i r  d e f i n i t i o n s ,  a r e  g i v e n  i n  Table  2. 
TABLE 2 
TYPES OF BLOCKS ON A RELIABILITY DIAGRAM 
Name 
~ 
I n p u t  b l o c k  
Convenience b l o c k  
w i t h  element 
Convenience b l o c k  
wi thou t  element 
J u n c t i o n  b l o c k  
Branch b lock  
S e r i e s  b l o c k  
- 
D e f i n i t i o n  
No p r e d e c e s s o r  
See page 
See page 
A b l o c k  w i t h  more t h a n  
one p r e d e c e s s o r  
One of  s e v e r a l  p r e d e c e s s o r s  
t o  i t s  s u c c e s s o r  








A b lock  may be  of s e v e r a l  types; f o r  i n s t a n c e ,  i t  may be a 
convenience b l o c k  and a j u n c t i o n  b l o c k ,  o r  i t  may be  a n  i n p u t  b l o c k  
and a branch b l o c k .  F i g u r e  23 was c o n s t r u c t e d  t o  t e s t  the  P a r t  1 
computer program, and i t  c o n t a i n s  a l l  p o s s i b l e  combinat ions of 
b l o c k  types  s e v e r a l  t imes.  
The block t y p e  must be w r i t t e n  on the  diagram b e f o r e  code shee ts  can  
be p repa red  as s p e c i f i e d  below. 
These combinat ions are  l i s t e d  i n  Table  3. 
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COMBINATIONS OF BLOCK TYPES 
Types in Combination 
Input block (single element) 
input ai?< czl?r~errf ence block 
Input and branch block 
Junction block 
Junction and branch block (element) 
Junction and convenience block with element 
Junction and convenience block without element 
Convenience block with element 
Convenience block without element 
Branch block (single element) 


















Rule f o r  Coding Block Types 
(1) Each block must be given the symbol specified in Figure 24, 
part (b). 
(2) When a convenience block appears with an " * I 1 ,  i.e., when 
a previously stored convenience block is called for, the 
number of the block where it was first named must be 
written under the starred block. The block where it  was 
first named has the name with a 'I+" in the corner. 
(3) Convenience blocks with stars are coded as "C", or "JC'I, 
i.e., as blocks without elements. These are the same 
blocks mentioned above. On first mention, i.e., when 
they carry a "+": convenience blocks are coded C or CE, 
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5.1.2 The Element; Des igna tor  Format 
Each b lock  c o n t a i n i n g  an element name r e p r e s e n t s  an a s s e r t i o n  
about  the  o p e r a t i n g  mode of t he  element .  This a s s e r t i o n  must be 
coded f o r  i n s e r t i o n  i n t o  the machine. The procedure fo l lows :  
Rule f o r  Determining Format 
(1) Determine t h e  111axii?ii;u7i numbcr cf s;~..hcls t h e  element  
names on t h e  diagram. T h i s  number i s  m.  
Let n be the  number of o p e r a t i n g  modes on the "l ist  of 
o p e r a t i n g  modes" supp l i ed  w i t h  t h e  diagram. The l a s t  two 
modes should be OK and OK, i n  t ha t  o r d e r .  This p o i n t  
should  be checked. 
The number of  columns needed f o r  an element d e s i g n a t o r  is 
now 
( 2 )  
( 3 )  
m + n + l  
5.1.3 Prepa r ing  Diagram Code Shee t s  
The diagram code sheets are made up of the  fo l lowing  
in fo rma t ion :  
The b lock  number 
The card number for t h i s  b l o c k  (it  may happen tha t  two 
c a r d s  are needed t o  r e p r e s e n t  a b lock)  
A block-type code, as i l l u s t r a t e d  i n  F igure  24, p a r t  ( b )  
A p r i n t - o u t  i n s t r u c t i o n ,  i f  wanted. This code can be 
used t o  o b t a i n  i n t e r m e d i a t e  p r i n t o u t s .  
Element name. 
i n  l e n g t h ,  l e a v e  b l anks  f o r  t h e  l a s t  s p a c e s . )  
(If the element name i s  less t h a n  m symbols 
Element t a g ,  d e s c r i b i n g  the r e q u i r e d  o p e r a t i n g  modes 
( a )  For convenience b locks  c a l l e d  i n ,  t h e  b lock  
( b )  
number a t  which they were o r i g i n a l l y  d e f i n e d  
For  s e r i e s  b l o c k s ,  t h e  b lock  number of t he  p redecesso r  
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( e )  For j u n c t i o n  b l o c k s ,  t h e  r e q u i r e d  formula 
The formula appear ing  as i t e m  7c,  above, i s  the p r o p o s i t i o n a l  
f u n c t i o n  o f  t h e  p r e d e c e s s o r  b l o c k s  needed as i n p u t  t o  t he  j u n c t i o n  
b l o c k .  It u s e s  s p e c i a l  symbols for "and", "or" ,  and t h e  " e x c l u s i v e  
o r ' '  which a re  d i s p l a y e d  i n  F igu re  24, p a r t  ( d ) .  I n s t r u c t i o n s  for 
making t h e s e  formulas  may be found i n  the appendix.  
t h e  d e t a i l e d  coding i n s t r u c t i o n s .  
F i g u r e  24 shows 
5.2 I n p u t s  t o  P a r t  1 and P a r t  2 Computer Frograms 
The i n p u t s  t o  t h e  P a r t  1 computer program now c o n s i s t  o f :  
(1) The program deck 
( 2 )  A header c a r d  having:  
m i n  columns 1-3 ( m  i s  the maximum l e n g t h  of element names) 
n + l  i n  columns 4-6 ( n  i s  t h e  number of o p e r a t i n g  modes, 
i n c l u d i n g  and OK) 
H i n  column 80, t o  i n d i c a t e  tha t  i t  i s  a header c a r d .  
( 3 )  The c a r d s  r e p r e s e n t i n g  t h e  diagram, as punched from the  
sheets d e s c r i b e d  i n  S e c t i o n  5.1.3. These c a r d s  must be  
i n  o r d e r .  
The i n p u t  t o  t h e  P a r t  2 computer program c o n s i s t s  o f :  
(1) The program deck 
( 2 )  A header  ca rd  having:  
m - 1  i n  columns 1-3 ( m  i s  t h e  maximum l e n g t h  o f  e lement  
n+l i n  columns 4-6 ( n  i s  t h e  number o f  o p e r a t i n g  modes, 
H i n  column 80, t o  i n d i c a t e  t h a t  it i s  a header  c a r d .  
names ) 
i n c l u d i n g  and O K )  
( 3 )  The o u t p u t  o f  t h e  P a r t  1 program 
5 .3  Ccding Element F a i l u r e  I n f o r m a t i o n  
5.3/.1 Operat ing Modes 
Operat ing modes w i l l  be  r e c o r d e d  o n  a s i n g l e  c a r d ,  which a l s o  
c a r r i e s  t h e  a d d i t i o n a l  i n f o r m a t i o n  i n d i c a t e d  i n  F i g u r e  25, p a r t  ( a )  
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The o p e r a t i n g  modes a r e  i d e n t i f i e d  by t h e i r  l o c a t i o n  numbers, 
fol lowed by a t w o - d i g i t  mnemonic code. The modes and OK must be 
inc luded .  For i n s t a n c e ,  i f  open and s h o r t  a r e  t h e  on ly  f a i l u r e  
modes, t h e  i d e n t i f i c a t i o n  would be 
01 op 02 sh 03 04 OK 
w i t h  the spaces  above n o t  r e p r e s e n t e d  on t h e  c a r d .  
5.3.2 F a i l u r e  I n f  ormat i o n  
The f a i l u r e  in fo rma t ion  i s  con ta ined  on two types of c a r d s ,  
which mus t  be merged i n  t h e  r i g h t  o r d e r .  If r a t e s  are g i v e n  as 
f a i l u r e  i n f o r m a t i o n  for the  o p e r a t i n g  modes of a part  c l a s s ,  t h e n  a 
c a r d  ( o r  c a r d s )  c o n t a i n i n g  t h e  f a i l u r e  r a t e s  mus t  be fo l lowed  by 
c a r d s  c o n t a i n i n g ,  for each o p e r a t i n g  mode, t h e  a p p l i c a t i o n  f a c t o r s  
and the  t i m e .  
I f  t h e  f a i l u r e  i n f o r m a t i o n  i s  provided  i n  t h e  form of prob- 
a b i l i t i e s ,  t h e  second type  of  c a r d  i s  not  needed. 
D e t a i l e d  d e s c r i p t i o n s  of t h e s e  c a r d s  are g iven  i n  F i g u r e  25, 
parts ( b )  and ( e ) ,  r e s p e c t i v e l y .  
5.3.3 Element L i s t  
The element l i s t  m u s t  a l s o  be conve r t ed  i n t o  c a r d s .  The format  
i s  shown i n  F igu re  25, p a r t  ( d ) .  These c a r d s  c o n t a i n  on ly  the  name 
of t h e  element  and the  name of the  p a r t  c l a s s  t o  which i t  b e l o n g s .  
5.4 I n p u t s  t o  P a r t  3 Program 
The i n p u t s  t o  t h e  P a r t  3 program can  now be summarized as 
f o l l o w s  : 
(1) The header  card ,  w i t h  the  system name 
1 
( 2 )  The c a r d  c o n t a i n i n g  t h e  o p e r a t i n g  mode l i s t  [ F i g u r e  25(a)J  
( 3 )  The f a i l u r e  i n f o r m a t i o n  c a r d s  [ p a r t s  ( b )  and ( e )  of 
F igu re  25 1, s u i t a b l y  merged 
( 4 )  The element  l i s t  [ F i g u r e  2 5 ( d ) ]  
(5)  The ou tpu t  of the  P a r t  2 program 
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APPENDIX 
COMPUTATION OF RELIABILITY EXPRESSIONS AND FUNCTIONS 
1. General  D i s c u s s i o n  t 
C)xe t h e  r e l i a b i l i t y  diagram i n  s t a n d a r d  form h a s  been 
c o n s t r u c t e d  for a f u n c t i o n  diagram, t he re  remains t h e  task  of  con- 
s t r u c t i n g  t h e  r e l i a b i l i t y  expres s ion  for the  system, and f i n d i n g  the  
r e l i a b i l i t y  f u n c t i o n  of the  system i n  terms of  the  r e l i a b i l i t y  func-  
t i o n  of t h e  e l emen t s .  Although t h i s  t a s k  i s  now b e i n g  a s s i g n e d  to 
computers,  a d i s c u s s i o n  of how i t  i s  performed i s  s t i l l  n e c e s s a r y .  
Given a r e l i a b i l i t y  diagram i n  s t a n d a r d  form, one s t a r t s  t h e  
computat ion of  t h e  r e l i a b i l i t y  expres s ion  from t h e  t o p ,  i . e . ,  w i t h  
o c c u r r e n c e s t ?  t ha t  have n c  p redecesso r s .  For these occur rences ,  w e  
have 
A; = Ai,  i = 1, ..., nA ( A 4  
Immediate s u c c e s s o r s  of these occurrences have p r o p o s i t i o n a l  func-  
t i o n s  of t h e  Ai only;  
B'A = B:@ (A;, ,..., A* ) j = 1 ,..., nB ( '4.2) 
J J B j  "B 
T h i s  e q u a t i o n  e x p r e s s e s  t h e  d e f i n i t i o n  of r e l i a b i l i t y .  From 
( A . l )  w e  can t h e n  s u b s t i t u t e  i n t o  (A.2) f o r  t h e  A T  and o b t a i n  
B? J = B j .@ Bj ( A i l , .  . . , A i j )  (A.3) 
which i s  an e x p r e s s i o n  for the  B* i n  terms of  i n d i v i d u a l  occur rences .  J 
If C i s  an occurrence  t h a t  h a s  only  B ' s  for p r e d e c e s s o r s ,  and i f ,  
f o r  example, t h e  p r o p o s i t i o n a l  f u n c t i o n  of  C i s  
~ 
t I n  t h i s  d i s c u s s i o n  the  s t a n d a r d  l o g i c a l  n o t a t i o n s  " - ' I  and "v" 
are used for "and" and "or", r e s p e c t i v e l y .  
t t  "Occurrences" i s  t h e  word used f o r  b l o c k s  i n  r e l i a b i l i t y  
b l o c k  diagrams.  
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@C(B:., B;, B;) 
t h e n ,  a g a i n ,  w e  have 
C *  = C * @  (B* B*, B*) 0.4) C 1 ' 2  3 
By s u b s t i t u t i o n  from (A.3) w e  can e x p r e s s  C* as a f u n c t i o n  of  
i n d i v i d u a l  occu r rences ,  namely C ,  B .  Is, and Ai's. 
J 
Since the  r e l i a b i l i t y  diagram i s  a t r ee  diagram, t h i s  s u b s t i t u -  
t i o n  p rocess  w i l l  t e r m i n a t e  w i t h  a n  e x p r e s s i o n  f o r  t h e  f i n a l  occur-  
r e n c e  (which r e p r e s e n t s  system s u c c e s s )  i n  t e rms  of t h e  i n d i v i d u a l  
occur rences  of  t h e  diagram. 
I n  c a r r y i n g  o u t  t h i s  p r o c e s s ,  i t  must be r e c a l l e d  t h a t  s e v e r a l  
occu r rences  may r e p r e s e n t  t h e  same o p e r a t i n g  mode of t h e  same e l emen t ,  
and s e v e r a l  occur rences  may r e p r e s e n t  d i f f e r e n t  modes of the same 
element .  When t h i s  o c c u r s ,  w e  have t o  u s e  a n  a r i t h m e t i c  of se t s  t o  
o b t a i n  t h e  p r o p e r  r e l i a b i l i t y  e x p r e s s i o n .  For i n s t a n c e ,  suppose t h a t  
t he  diagram c o n t a i n s  two occur rences  of  t h e  element ''a'' i n  mode z e r o ,  
denoted by A o ,  and t h a t  t he  r e s u l t i n g  r e l i a b i l i t y  e x p r e s s i o n  c o n t a i n s  
e i t h e r  
A. A. 
The f i r s t  e x p r e s s i o n  i s  t r u e  if t h e  element  "a" i s  i n  s t a t e  z e r o ,  
- and i f  element "a" i s  i n  s t a t e  z e r o .  However, s i n c e  r e p e a t i n g  the  
phrase d o e s  n o t  impose any f u r t h e r  r e s t r i c t i o n ,  
A.  ' A. = A. (A.7) 
S i m i l a r l y ,  i n  (A.6) t he  p o s s i b i l i t y  t h a t  e i t h e r  ''a" i s  i n  s t a t e  z e r o  
- or "a" i s  i n  s t a t e  z e r o  s t i l l  amounts t o  "a" b e i n g  i n  s t a t e  z e r o ,  s o  
t h a t  
A, v A ,  = A, 
On t h e  o t h e r  hand, i f  w e  produce terms of  t h e  form 
A/O A / 1  0.9) 
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r e q u i r i n g  "arr t o  be o p e r a t i n g  i n  mode z e r o  and mode 1, t h e n  t h i s  
even t  w i l l  n eve r  happen. Thus, 
A, . A, = @ (A.lO) 
where @ d e s i g n a t e s  a n  even t  t h a t  w i l l  n eve r  take p l a c e .  
When one f i n a l l y  a r r i v e s  a t  a r e l i a b i l i t y  e x p r e s s i o n  f o r  a 
system, and appl ies  the s i m p l i f i c a t i o n s  p r e v i o u s l y  i n d i c a t e d ,  t hen  
the  r e l i ab i l i t i e s  of t h e  d i f f e r e n t  e lements  s ta ted  a t  d i f f e r e n t  t imes  
must s t i l l  be used t o  f i n d  the  r e l i a b i l i t y  of the  system. This i s  
s t i l l  a f a i r l y  compl ica ted  procedure .  
Suppose t h e  e x p r e s s i o n  is 
S* = (AB v AC v BC) (A. 11) 
w i t h  PA, PB, Pc r e p r e s e n t i n g  t h e  p r o b a b i l i t i e s  t ha t  "a", "b", and 
' I C "  are i n  the  r e q u i r e d  states.  
Then, by the  r u l e s  f o r  f i n d i n g  the  p r o b a b i l i t i e s  of compound 
e v e n t s ,  w e  have 
Pr (S*)  = Pr (AB v AC v BC) 
= PI. (AB) + P r  (AC) + P r  (BC) 
- [Pr  (AB-AC) + Pr (AB-BC) + Pr (AC-BC)] 
+ Pr (ABoACeBC) (A.12) 
The p a r e n t h e s e s  on the t h i r d  and f o u r t h  l i n e s  of Equat ion  A.12 con- 
t a i n  e v e n t s  l i k e  (A.7), which must be  s i m p l i f i e d .  For example, 
A*B*AC = ABC (A.13) 
This s i m p l i f i c a t i o n  must be  made b e f o r e  the numbers PA, PB, Pc 
are s u b s t i t u t e d ;  o the rwise ,  we would g e t  t he  wrong answers .  For 
i n s t a n c e ,  i f  we s u b s t i t u t e  on the  l e f t - h a n d  s ide of  (A.13) w e  g e t  
while t h e  r igh t -hand  side g i v e s  us  
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P ~ P ~ P ~  
which is the correct term. 
If all these contractions are made, then (A.12) becomes 
Pr(S*) = Pr(AB) + Pr(AC) + Pr(BC) - 2Pr(ABC) (A.14) 
in which a substitution of numbers can be made. 
Section 2 gives precise instructions f o r  obtaining reliability 
expressions and functions from reliability diagrams, and Section 3 
presents further examples. 
2. Rules and Procedures for Computing Reliability 
Expressions and Functions 
The discussion in Section 1 may be formally summarized by the 
following instructions and rules. It is assumed that a reliability 
diagram in standard form is available. 
2.1 Rules for Constructing Reliability Expressions i 
Rule RE1. Start computing reliability expressions with occurrences 
that have no predecessors. For one such occurrence, the 
reliability expression A* is just the name of the 
occurrence itself. Thus, 
A* = A 
I 
Rule RE2. If A, ..., B are the predecessors of an occurrence C; @C 
is the propositional function of C; A*, ..., B* are the 
reliability expressions for the occurrences A, ..., B; and, 
I similarly, C* is the reliability expression for the I 
1 
I 
occurrence of Cy then I 
C* = C*GC(A*, ..., B*) 
Rule RE3. Throughout the computation of reliability expressions, 
apply the rules of Boolean algebra to simplify the 
expressions as far as possible. Examples of such rules are: 
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A . A = A  
A v A = A  
A ( B  v C )  = A B  v A C  
and hence 
A ( B  v A C )  = A B  v AC 
e t c .  
Rule RE4. If A, and A, r e p r e s e n t  d i f f e r e n t  s ta tes  of t h e  same 
element ,  t h e n  any term A A must be  r e p l a c e d  by a. 1 2 -  
Thus J 
A,A, = @ 
where A, and A, r e p r e s e n t  d i f f e r e n t  s ta tes  of t he  same 
e lemen t .  By combining t h i s  e x p r e s s i o n  w i t h  the  Boolean 
a l g e b r a  r u l e s  i n  FB3 we g e t  
A,A$CD = @ 
These r u l e s  s u f f i c e  t o  o b t a i n  r e l i a b i l i t y  e x p r e s s i o n s  from r e l i -  
a b i l i t y  diagrams. 
I n  o r d e r  t o  see a l l  the  d i f f e r e n t  p a r a l l e l  p a t h s  t h a t  can  lead 
t o  system s u c c e s s ,  however, it i s  recommended t h a t  t h e  f i n a l  expres -  
s i o n  be t ransformed i n t o  a s t anda rd  form. T h i s  t r a n s f o r m a t i o n  can  
always be  made by u s e  of  the  r u l e s  i n  RE3. 
Rule RE5. Transform t h e  f i n a l  r e l i a b i l i t y  e x p r e s s i o n  u n t i l  i t  has 
t h e  s t a n d a r d  form 
are  c o n j u n c t i o n s ,  i . e . ,  terms of t h e  form 
A 1 * A 2 * .  . . . , 'An 
and no element of n o  occur s  i n  any of the o t h e r n i .  
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In this presentation n o  has all the series elements, and 
the ni(i> C)) contain parallel success paths among the 
remaining elements. 
Rules RE1 to RE5 will produce reliability expressions in standard 
form . 
2.2 Rules f o r  Computing Reliability Functions 
from ExDressions 
Rule RF1. It will be found advantageous to compute the reliability 
function f rom the expression obtained by RE1 to RE4, i.e., 
before the expression has been put in standard form. 
Rule RF2. In order to compute the reliability of  a complicated 
expression, it is necessary to express this probability as 
sums and differences of probabilities of conjunctive terms. 
This is done by repeated applications of the rule 
Pr(A v B) = Pr(A) + Pr(B) - Pr(AB) 
and its generalization. 
Rule RF3. Given a complex, bracketed expression, application of 
the rule RF2 should start with the outside bracket. 
For example, 
Pr[A v B(C v D)] = Pr(A) + Pr[B(C v D)] 
-Pr [AB(C v D)] 
Rule RF4. After every application of RF2 the simplification rules, 
RE3 and RE4, must be applled to the expressions produced. 
That is, f o r  any term "Pr( - ) ' I  on the right, the 
expression in parentheses following "Pr" must be simplified 
if possible. 
an equation of the form 
Application of rules RF1 to RF4 will produce 
pr(S*) = c kPr(7ri) 
where the ni are conjunctive terms in simplest forms. 
obtain reliability functions, we must substitute for the 
term pr(ni). 
To 
Rule  RF5. I n  g e n e r a l ,  i t  w i l l  be assumed t h a t  t h e  p r o b a b i l i t i e s  
t h a t  d i f f e r e n t  e lements  a r e  i n  r e q u i r e d  s ta tes  a re  
independent .  If t h i s  assumption i s  t r u e ,  t h e n  
n 
P r ( n i )  = Pr(A,, . . . , A n )  = r P r ( A i )  
1 
= Pr(A1)=.:Pr(An) 
which may be  s u b s t i t u t e a  ir i io thc final e x p r e s s i o n  
o b t a i n e d  by RF4. 
The e lementary  e x p r e s s i o n s  P r ( A l )  r e p r e s e n t  t h e  r e l i a b i l i t i e s  
of t h e  i n d i v i d u a l  e lements ,  which were g iven  w i t h  the  o r i g i -  
n a l  f u n c t i o n  diagram, e i t h e r  as f u n c t i o n s  o f  t i m e  or as 
numbers. The r e l i a b i l i t y  of t h e  system, or t h e  r e l i a b i l i t y  
f u n c t i o n  of t h e  system, i s  o b t a i n e d  by s u b s t i t u t i n g  t h e s e  
numbers o r  f u n c t i o n s  f o r  t h e  symbols Pr(A) i n  t he  expres-  
s i o n  o b t a i n e d  from RF5. 
Rule RF6. 
3. Examples 
The remainder  o f  t h i s  appendix p r e s e n t s  examples of t h e  computa- 
t i o n  of  r e l i a b i l i t y  e x p r e s s i o n s  and f u n c t i o n s .  
Example 1 
Consider  t h e  r e l i a b i l i t y  diagram o f  F i g u r e  A .  1. 
A 
FIGURE A . l  
RELIABILITY DIAGRAM 
The i n t e r p r e t a t i o n  of  t h i s  diagram i s  t h a t  
(1) e i t h e r  A o r  F s u f f i c e s  t o  work C ;  
( 2 )  e i t h e r  B or G s u f f i c e s  t o  work D; and 
( 3 )  b o t h  C and D must work for E t o  work. 
Expressed i n  symbols, t h i s  i n f o r m a t i o n  i s :  
(1 ' )  @c = (A* v F*) 
( 2 ' )  @D = (B* v G * ) ,  and 
( 3 ' )  @E = (c* ' D*). 
N o w ,  if w e  app ly  t h e  r u l e s  for t h e  format ion  of r e l i a b i l i t y  
e x p r e s s i o n s ,  w e  g e t :  
A* = A 
F* = F 
B* = B without  p r e d e c e s s o r s .  
G* = 1 G by FE1, s i n c e  t h e  occur rences  a r e  
Then : 
C* = C * (A* v F*), from (1') and RE2; 
D* = D (B* v G * ) ,  from ( 2 ' )  and RE2; 
E* = E - (C* D*), from ( 3 : )  and RF2, 
and 
= E  [C - (A v F) . D . (B v G)], by s u b s t i t u t i o n .  
The expres s ion  
E* = E-C-D (A v F) (B v G) 
i s  a r e l i a b i l i t y  e x p r e s s i o n .  
(A.15) 
Since no element occur s  tw ice ,  and o n l y  one s t a t e  of each 
element o c c u r s ,  t h e  r u l e s  for s i m p l i f y i n g  expressSons ,  RE3 and RE4, 
do no t  app ly .  
F i n a l l y ,  w e  t r a n s f o r m  (A.15) i n t o  s t a n d a r d  form by u s i n g  t h e  r u l e  
of Boolean a l g e b r a :  
(A v F)(B v G) = AB v AG v FB v FG 
which y i e l d s  t h e  r e l i a b i l l t y  e x p r e s s i o n ,  i n  s t a n d a r d  form, 
E* = ECD(AB v AG v FB v FG) (~.16) 
The i n t e r p r e t a t i o n  of  (~.16) is t h a t ,  f o p  t h e  system t o  b e a b l e  t o  
work, i t  i s  necessary  t h a t  
(1) E, C, and D a l l  work; and t h a t  
( 2 )  a t  l e a s t  one of the p a i r s  A and B, A and G, F and B or 
F and G works. 
To f i n d  t h e  r e l i a b i l i t y  f u n c t i o n ,  l e t  PA, 'BJ 'DJ 'F, 'GJ 'E 
s t a n d  for t h e  r e l i a b i l i t y  f u n c t i o n s  o f  A, B, C, D, F, G, and E, 
r e s p e c t i v e l y ,  and suppose t h e y  are a l l  independent .  
Then, RF1 s a y s  t h a t  we must u se  expressiwii ( A . 1 " )  for 2 % ~  
computat ion:  
Pr(E*) = PP [ECDLA v F)(E v G) I (A.17) 
By Rule RF3 ,  w e  expand t h i s  as 
Pr(E*) = Pr[ECDA(B v G) v ECDF(B v G)] ( ~ 2 8 )  
By Rule RF2 t h e  r igh t -hand  s i d e  of (~.18) can  be expanded as 
f o l l o w s :  
Pr(E*) = PP [ECDA(B v G)] + PP [ECDF(B v G)] 
- Pr [ECDA(B v G) . ECDF(B v G)] (A. 19) 
Now t h e  l a s t  p a r e n t h e s e s  con ta ins  many s e t s  twice ;  hence,  by 
R F 4  t h i s  l a s t  e x p r e s s i o n  must be  s i m p l i f i e d  first by RE3. 
ECDA(B v G) ECDF(B v G) = ECDAF(B v G) (A. 20) 
S u b s t i t u t i n g  ( A . 2 0 )  back i n t o  (A.19) y i e l d s  
Pr(E*) = Pr[ECDA(B v G)] + Pr[ECDF(B v G) 1 
- Pr[ECDAF(B v G)] (A.21) 
Now, by RF2, each  of t h e  pa ren theses  can  be  a g a i n  expanded: 
Pr[ECDA(B v G)] = Pr;TCDAB) + Pr(ECDAG) - Pr(ECDABG) 
Pr[ECDF(B v G)] = Pr(ECDFB) + Pr(ECDFG) - Pr(ECDFGB) 
Pr[ECDAF(B v G)] = Pr(ECDAF33) + Pr(ECDAFG) - Pr(ECDAFBG) (A.22) 
where t h e  r u l e s  f o r  s i m p l i f i c a t i o n  ( R E 3 )  have a g a i n  been a p p l i e d  t o  
t h e  l a s t  term on each l i n e ,  i.e., 
ECDAB ECDAG = ECDABG 
If we s u b s t i t u t e  (A.22) i n t o  (A.21), we w i l l  have e x p r e s s e d  
Pr(E*) as  a sum and d i f f e r e n c e  of p r o b a b i l i t i e s  of p r o d u c t s ;  i.e., 
Pr(E*) = Pr(ECDAB) + Pr(ECDAG) - Pr(ECDABG) 
+ Pr(ECDFB) + Pr(ECDFG) - Pr(ECDFBG) 
- Pr(ECDAFB) - Pr(ECDAFG) + Pr(ECDAFBG) 0.23) 
Now i f  w e  s u b s t i t u t e  t h e  PIS for t h e  p r o b a b i l i t i e s  o f  p r o d u c t s ,  So 
t h a t ,  for i n s t a n c e ,  
Pr(ECDAB) = PEPCPDPAPB 
and f a c t o r  out PEPcPD, t h e n  w e  g e t  the  r e l i a b i l i t y  f u n c t i o n  
Pr(E*) = PEPcPD[PAPB + PAPG - P A B G  P P + P F B  P + PFpG - PFPBPG 
- PAPFPG + P P P P - 'A'F'B A F B G ]  
which i s  t h e  f i n a l  answer .  
(A.24) 
8 
LIST OF DEFINITIONS 
a c t i v e  i-edundsncyL A system has a c t i v e  redundancy i f  i t  can perform 
i t s  f u n c t i o n  i n  two o r  more sepal-atz 1mys and a l l  of  the  equip-  
ment o p e r a t e s  a t  t h e  same time. 
a c y c l i c .  Without c y c l e s  ( s e r i e s - p a r a l l e l ) .  
and. An o p e r a t i o n  t h a t  makes a p r o p o s i t i o n  from two o t h e r  p r o p o s i -  
- t i o n s ,  e . g . ,  "Soc ra t e s  i s  Greek, and two i s  g r e a t e r  t h a n  one."  
The r e s u l t a n t  p r o p o s i t i o n  i s  t r u e x l y  i f  b o t h  t h e  o r i g i n a l  
p r o p o s i t i o n s  a r e  t r u e .  
a p p l i c a t i o n  f a c t o r .  Same as K f a c t o r .  
c i r c u i t .  A c y c l e ,  n o t  n e c e s s a r i l y  maximal, i n  which o n l y  one element  
i s  r e p e a t e d .  See page 48. 
by and.  
a r e l i a b i l i t y  diagram. See page 23. 
c u t t i n g ,  c u t .  An o p e r a t i o n  performed t o  c o n v e r t  a diagram of a 
feedback system i n t o  a t r e e  diagram. See pages 49-50. 
c o n j u n c t i v e  term. A term c o n s i s t i n g  of p r o p o s i t i o n s  connected o n l y  
-
convenience b l o c k s .  A d e v i c e  used t o  r e p r e s e n t  a complete branch of 
c y c l e .  Any group of  e lements ,  each of which i s  i t s  own p r e d e c e s s o r .  
d e s i g n a t o r .  A symbol o r  number used as  a name f o r  a n  element 
r e p r e s e n t e d  by a b l o c k  on a diagram. 
c o n t a i n s  a n  element t h a t  i s  nc,t i n  the  o t h e r .  
d i s t i n c t  c i r c u i t s .  Two c i r c u i t s  a r e  d i s t i n c t  i f  a t  l ea s t  one o f  them 
- EDP. E l e c t r o n i c  data p rocess ing .  
e l emen t .  The word used t o  denote  t h e  p i e c e s  i n t o  which a system 
i s  a n a l y z e d .  They may be subsystems, sub-subsystems, p a r t s ,  
or even p a r t s  of  p a r t s .  
e lement  o p e r a t i n g  modes. 
o p e r a t e  or f a i l .  
e n t r a n c e .  An element  of 
o u t s i d e  t h e  c y c l e .  
The p o s s i b l e  ways i n  which a n  element can 
a c y c l e  t h a t  h a s  an immediate p r e d e c e s s o r  
e x c l u s i o n .  P e r m i s s i b l e  element modes are mentioned by e x c l u s i o n  
i f  t h e  modes which cause the  system t o  f a i l  are  mentioned, each 
w i t h  a n  ove rba r ;  for example, op, s h .  See page 33. - -
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e x c l u s i v e  o r .  A connec t ive  which makes a p r o p o s i t i o n  ou t  o f  two 
o t h e r T r o p o s i t i o n s  . The r e s u l t a n t  p r o p o s i t i o n  is t r u e  if 
e i t h e r  of t h e  o r i g i n a l  p r o p o s i t i o n s  is t r u e ,  b u t  t h e  o r i g i n a l  
two p r o p o s i t i o n s  cannot bo th  be t r u e ;  e .g . ,  "Two i s  g r e a t e r  
t h a n  one - or ( e x c l u s i v e )  one i s  g r e a t e r  t h a n  two". 
e x i t .  An element t h a t  has a n  immediate s u c c e s s o r  o u t s i d e  the  Cycle.  
fa i lure-mode-and-effect  a n a l y s i s  (FMEA). A l i s t i n g  of a l l  element 
f a i l u r e  modes and the  e f f e c t s  on system o p e r a t i o n  if t h e y  
occur .  See page 52. 
feedback. Feedback occur s  when, i n  a c h a i n  o f  e lements ,  s a y  A,, 
A l ,  ..., An, A,, ,  each element is i t s  own p redecesso r .  
computers. The numbers a r e  w r i t t e n  as a decimal  f r a c t i o n  
fol lowed by a power of t e n .  For  i n s t a n c e ,  345.5 i s  w r i t t e n  
3455000003, where the  las t  two d i g i t s  r e p r e s e n t  the  exponent 
of t h e  power of t e n  ( 3 ) .  The s i g n  of the  number i s  w r i t t e n  
ave r  t h e  e i g h t h  d i g i t ,  the  s i g n  of t he  exponent ove r  the  t e n t h  
d i g i t .  See page 38. 
which d e f i n e s  t he  format  of the  i n p u t s ,  and a l s o  c o n t a i n s  the 
name of t h e  system. 
i n c l u s i o n  if t h e  modes which a l l o w  t h e  system t o  f u n c t i o n  are 
mentioned; f o r  example, op,ok. See page 32. 
f l o a t i n g  p o i n t .  A way o f  w r i t i n g  numbers which i s  used i n  
+ +  
header ca rd .  A c a r d  used as p a r t  of t h e  i n p u t  t o  a computer program 
i n c l u s i o n .  P e r m i s s i b l e  element o p e r a t i n g  modes are mentioned by 
i n c l u s i v e  or. See or. -- 
j u n c t i o n  block.  
p redecesso r ,  i . e . ,  a b l o c k  where s e v e r a l  b ranches  j o i n .  
K f a c t o r s .  A p p l i c a t i o n  f a c t o r s  used t o  a d j u s t  t he  f a i l u r e  P a t e s  Of 
p a r t s  t o  account  f o r  stresses and envi ronmenta l  c o n d i t i o n s .  
maximal c y c l e .  A c y c l e  t o  which no o t h e r  element can  be added 
without  d e s t r o y i n g  the  c y c l i c  p r o p e r t y .  
multimode system. A system t h a t  can perform d i f f e r e n t  fUnCtiOnS O r  
the  same f u n c t i o n  a t  d i f f e r e n t  levels  of e f f e c t i v e n e s s .  The 
f u n c t i o n s  or l e v e l s  are  c a l l e d  modes, and, i n  g e n e r a l ,  a 
s l i g h t l y  d i f f e r e n t  se t  of  e lements  is r e q u i r e d  f o r  o p e r a t i o n  
i n  each mode. Hence, each mode r e q u i r e s  a s e p a r a t e  diagram. 
t h e  mentioned element o p e r a t i n g  modes are  excluded or p e r m i t t e d .  
See pages 31-32. 
the use of convenience b l o c k s .  
A b l o c k  on a diagram w i t h  more t h a n  one immediate 
See page 48. 
Not S l o t .  P a r t  of the complete element name. It i n d i c a t e s  whether 
o p t i o n a l  r u l e .  The r u l e  f o r  c o n s t r u c t i n g  diagrams which cove r s  
See page 45. 
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- or. An o p e r a t i o n  t h a t  makes a p r o p o s i t i o n  out of two o t h e r  
p r o p o s i t i o n s ,  e . g . ,  "Soc ra t e s  i s  I t a l i a n  or two i s  g r e a t e r  
t h a n  one . "  The r e s u l t a n t  p r o p o s i t i o n  i s  G u e  i f  e i t h e r  or 
b o t h  o f t h e  o r i g i n a l  p r o p o s i t i o n s  a re  t r u e .  
P a r t  1 program. Th i s  computer program a c c e p t s  i n p u t s  r e p r e s e n t i n g  
the  b l o c k s  of a diagram, and produces a p r o p o s i t i o n a l  f u n c t i o n  
r e p r e s e n t i n g  t h e  c o n d i t i o n  f o r  system s u c c e s s .  
P a r t  2 program. T h i s  computer program a c c e p t s  the  o u t p u t  of the  
P a r t  1 prograrll, an5 Froduces t h e  e x p r e s s i o n  for the  system 
r e l i a b i l i t y  i n  terms o f  t he  element r e i i z b i l i t i e s .  
P a r t  3 program. T h i s  computer program a c c e p t s  the  o u t p u t  of t h e  
P a r t  2 program, t he  element l i s t ,  and t h e  f a i l u r e  i n f o r m a t i o n  
t a b l e ,  and produces t h e  system r e l i a b i l i t y .  
path. A c h a i n  of e lemen t s ,  each of which i s  a n  immediate s u c c e s s o r  
of the  p r e c e d i n g  one, and i n  which no element i s  r e p e a t e d .  
See page 49. 
_piece p a r t s .  The smallest p i e c e  o f  equipment t h a t  can be r e p l a c e d ,  
e . g . ,  a tube,  a d iode ,  a g e a r .  
p r e d e c e s s o r s .  A b l o c k  B on a diagram i s  a. p r e d e c e s s o r  of a n o t h e r  
b l o c k  C .  i f  t he  Dath from B to t h e  t e r m i n a l  b l o c k  of  t he  
diagram- p a s s e s  through C.  
program deck. The c a r d s  c o n t a i n i n g  the  computer program. 
p r o p o s i t i o n a l  c a l c u l u s .  The p a r t  of  symbolic l o g i c  which dea ls  v i t h  
s t a t e m e n t s .  A s t a t emen t  i s  a d e c l a r a t i v e  sen tence ,  e .g . ,  
" S o c r a t e s  i s  Greek", "Two i s  l a r g e r  t h a n  one." 
p r o p o s i t i o n a l  f u n c t i o n .  A p r o p o s i t i o n  made up of s i m p l e r  p r o p o s i t i o n s  
and c o n n e c t i v e s ,  e . g . ,  "Soc ra t e s  i s  Greek and two i s  g r e a t e r  
t h a n  one."  And i s  a connec t ive .  The o t h e r c o n n e c t i v e s  used 
a re  'lor", - a n F e i t h e r ,  or". 
r e l i a b i l i t y  b l o c k  diagram. A g r a p h i c a l  r e p r e s e n t a t i o n  of t h e  
c o n d i t i o n s  f o r  s u c c e s s f u l  o p e r a t i o n  of  t h e  system. 
se r ies  system. A system which o p e r a t e s  c o r r e c t l y  o n l y  i f  a l l  t h e  
e lements  o p e r a t e  c o r r e c t l y .  
s t a n d b y  redundancy. A system has s t andby  redundancy i f  i t  can  perform 
i t s  f u n c t i o n  i n  two or more s e p a r a t e  ways and t h e  equipment 
for one of t h e s e  modes i s  n o t  swi tched  on u n t i l  t h e  equ ipmen t ( s )  
f o r  t h e  o t h e r  mode(s)  n a s  ( h a v e )  f a i l e d .  
system modes. See multimode system. 
- t a g .  The p a r t  of t h e  complete e lement  nanie t h a t  ment ions t h e  
element  o p e r a t i n g  modes which a r e  excluded ( t h e  number 1 
e n t e r e d  i n  t h e  Not S l o t )  or p e r m i t t e d  ( a  ze ro  e n t e r e d  i n  t h e  
Not Slot). See pages 31-32. 
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t e r m i n a l  b lock .  The l as t  b l o c k  on a r e l i a b i l i t y  b lock  diagram. It 
r e p r e s e n t s  system s u c c e s s .  
t r e e  diagram. A diagram i n  which each b lock  has  on ly  a s i n g l e  
successo r  (except  t h e  t e r m i n a l  block,  which has none) .  
u t i l i t y  r o u t i n e s .  Computer programs which can be used t o  s o l v e  a 
wide v a r i e t y  of  problems, wi thout  r e q u i r i n g  a l t e r a t i o n .  
